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Abstract 
 
 
Through experimental investigation, this study is offering a closer look into the 
performance of the vortex tube energy separation and a better understanding of the 
effect of the vortex tube length, diameter and internal tapering angle on the energy 
separation. Also the study addresses the effect of inlet pressure on the performance 
of the vortex tube and the effect of different working fluids (Air, H2 and O2). The 
vortex tube is a thermal static tube that was discovered by the French scientist 
George Ranque in 1933 and it is used to separate compressed gas flow into two 
different streams: one stream is colder than the inlet flow while the other is hotter 
than the inlet flow. Although the device has been investigated by many researchers, 
no consensus has yet been reached regarding the underlying phenomenon.  
The current study is shedding light on the underlying phenomenon and is offering an 
analytical model to describe the energy separation in the vortex tube based on 
centrifugal forces. The study reports the Coefficient of Performance (   ) of the 
vortex tube considering the device as an air-conditioning device utilizing the cold 
outlet flow and as a heat pump utilizing the hot outlet flow. 
 
Keywords: Inlet pressure, tube length, tube diameter, tube tapering angle, choking, 
secondary circulation, vortex tube modeling, coefficient of performance.  
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 )cibarA ni( tcartsbA dna eltiT
 
 هيلش-التقييم التجريبي لعملية فصل الطاقة باستعمال الأنبوبة الدوامية لرانك
 صالملخ
فصل الطاقة و تقيم  الدوامة في نبوبنظرة متفحصة لكفاءة أالدراسة تقدم  هإن هذف ب المخبرية،ر امن خلال التج
 ةو كما تتطرق الدراس .على فصل الطاقةللأنبوبة لزاوية الداخلية ا و الأنبوبة طول الانبوبة وقطركلا من  ثيرأت
أنبوب  عباره عن ةالدوامنبوبة أ .لى تأثير كلا من الضغط الداخل و نوعيه الغاز المستخدم على كفاءه الأنبوبةإ
و . 1133تم اكتشافه من قبل العالم الفرنسي جورج رانك في عام قد  أجزاء متحركة و و لا يحتوي على ساكن
حيث أن التيار الأول أبرد من التيار : لى تيارين مختلفينإا الأنبوب على فصل الهواء المضغوط الداخل هذيقوم 
 ،قبل العديد من الباحثينمن  هتم التحقق  من الجهاز  ن أ ما علالداخل  الداخل و التيار الثاني أسخن من التيار
 .لأنبوب الظاهرة الكامنةتفسير  ىعل الاتفاقلم يتم  أنهإلا 
ج تحليلي لوصف فصل الطاقة ذتلقي الضوء على مبدأ عمل الأنبوب الدوامه و تقدم نمو  الدراسة هإن هذكما 
لمعامل كفاءة الأنبوب  على إضافة على ذلك تقدم الدراسة قيم . للأنبوب بالاعتماد على قوة الطرد المركزي
 .التبريد عند استعمال منفذ الهواء البارد و على التدفئة عند استعمال منفذ الهواء الساخن
الدوره  ،الاختناقنبوب، لأ الزاويه الداخليه ،الأنبوب نبوب، قطرالأ، طول الداخل الضغط: كلمات البحث
 .، معامل الأداءدوامةالنبوب لأذج و نم ،الثانويه
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Chapter 1: Vortex tube history and available theory 
 
1.1 Introduction background 
Vortex tube is a device that produces cold and hot gas flows from room temperature 
compressed gas as shown in figure 1. The vortex tube consists mainly from (1) one or 
more inlet tangential nozzles, (2) vortex tube chamber, (3) a cold-end orifice, (4) a hot 
end nozzle with gate valve and (5) a vortex tube. In the vortex tube, a high pressure gas 
at room temperature is used to produce vortex/swirl flow using a vortex generator. The 
vortex generators consist of multiple tangential nozzles that force the coming flow to 
rotate in a vortex flow. When the gas starts swirling inside the center of the vortex 
chamber, the gas separates to high energy gas at the border of the vortex flow and a low 
energy gas at the eye of the vortex. The gas separation occurs due to the centrifugal 
force produced due to the vortex flow. The rotating gas is forced to leave the vortex by 
separating the gas to two streams. The vortex tube has two outlets know as cold end and 
hot end. At the hot end, the gas escapes at a temperature higher than the inlet 
compressed gas temperature while at the cold end the gas escapes with temperature 
lower than to the inlet compressed gas temperature. The above phenomenon was 
discovered by Ranque [1] and by Hilsch [2] in 1933. The vortex tube usually is refereed 
in literature as a Hilsch vortex tube, Ranque-Hilsch vortex tube, or vortex tube. In this 
thesis, the RHVT is used to refer to Ranque-Hilsch vortex tube. The main advantage of 
RHVT is its simplicity since it does not have any moving parts, it does not have any 
electrical connections and it does not require any chemical materials. Other advantages 
of vortex tube are light weight, low cost, portable, instant cold/hot streams with 
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adjustable temperature [3, 4]. It has some disadvantages such as: low thermal coefficient 
of performance, high level of noise and low availability of compressed gas. The RVHT 
has different applications such heating, cooling, gas drying, separating gas mixture, 
DNA applications and liquefying natural gas [3, 5-7]. The physical phenomenon or 
physical mechanism that describes the energy separation inside the vortex tube is not 
well understood and is not resolved until now [1,2]. The research on RHVT generally 
focuses on the effect of heat transfer, the fluid type and flow visualization. Besides 
RHVT useful application, the complex heat transfer and intricate flow pattern drive most 
of the research in the area of RHVT, Westley [8]. 
 
Figure 1: Schematic drawing of the RHVT system. 
 
1.2 Theoretical developments 
Most of the available theories are derived from experimental work, however few of the 
theories are derived from analytical and numerical Simulations. Gultsol [9] and Leont’ev 
[10] have published detailed theoretical model describing RHVT which will be briefly 
discussed in coming sections. 
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1.2.1 Adiabatic compression and adiabatic expansion model 
The scientist Ranque who discovered the vortex tube phenomenon has proposed the first 
explanation to energy separation in vortex tube using adiabatic expansion in the central 
region and adiabatic compression in the peripheral region [11-15]. Hilsch [2] has 
indicated that energy separation is related to the internal friction between the peripheral 
and the internal gas layers which he combined with earlier explanation from other 
researchers. He used his model in order to explain the experimental results, but later the 
model was rejected by different scientist [11, 16 and 17], since the adiabatic 
compression and expansion processes in RHVT where found to be unrealistic.  
1.2.2   Heat transfer model 
The heat transfer model for RHVT was based on experimental work obtained by 
Scheper [18]. This model did not gain popularity since the published work was 
incomplete and was based on empirical hypothesis of heat transfer. 
1.2.3   Effect of friction and turbulence model 
It is reported in literature that the energy separation is created due to free and forced 
vortex flow inside the device as was reported by Fulton [17]. He stated that “fresh gas 
before it has traveled far in the tube succeeds in forming an almost free vortex in which 
the angular velocity (or rpm) is low at the periphery and very high toward the center. But 
friction between the layers of gas undertakes to reduce all the gasses to same angular 
velocity, as a solid body.” In specific details Fulton [17] reported that internal friction 
process exists between the central and peripheral layers in RHVT and that the outer gas 
before escaping the RHVT gains more kinetic energy than it losses (internal energy) 
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which produce a gas with higher temperature in periphery region. However the inner gas 
losses kinetic energy and thus will produce a gas with a lower temperature in central 
region. Fulton has reported an interesting relation which relates maximum temperature 
difference                 to the Prandtl number as follow: 
      
    
   
 
   
                                                                                                              
Where      is calculated by the isentropic expansion process: 
               
  
   
  
   
                                                                                                                                                                                
Lay [19] proposed a mathematical formalization model and stated that the internal 
friction effect and turbulence effect are the most important reasons for energy 
separation. In addition to the above, he used the potential and forced vortex motion for 
RHVT analysis as additional factor. Different researchers have reported same 
explanation of energy separation such as Kerith and Margolis [20], Alimov [21], 
Reynolds [22, 23], Dissler and Perlmutter [24], also it was concluded that the friction 
and turbulent effects are causing the energy separation in RHVT. Van Deemter [25] has 
produced a numerical simulation work with respect to Bernoulli equation. He has 
calculated the temperature profile as scaled by turbulent prandlt number which was 
similar to Fulton’s findings. There has been acceptable matching between Van Deemter 
model and Hilsch’s measurements, Dissler and Perlmutter [24], Reynolds [22, 23], 
Sibulkin [26, 27, 28] and Lewellen [29]. These researchers have presented a 
mathematical model based on Navier-Stokes equations and they reach to a common 
conclusion between them which indicates heat transfer between flow layers (cause by 
both temperature gradients and pressure gradients) is obtained due to turbulent mixing. 
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In Xi’an Jiaotong University, this theory has seen more progress with aid of recent 
numerical simulation method and experimental studies compared to earlier theories [30-
32]. Gutsol [9] concluded that the main reason for energy separation in RHVT is via 
internal friction and due to the specified turbulent viscosity number. Gutsol [9] has 
summarized several Russian theories in the past, he combined the turbulent model with a 
new idea related to the exchange in the micro-volume motion in order to explain the 
energy separation. He reported that the turbulence vortex motion in different layers in 
RHVT are formed through turbulent motion at the exit of the inlet nozzles and the thus 
affect the exchange of kinetic energy and heat between fluid layers. This theory is 
similar to inner friction theory which proposed by Fulton [17] with more mathematical 
formalization. The internal friction in the above model is refer to viscous friction 
between different gas layers. Parulekar [33] has reported that what cause the energy 
separation is the friction between the wall surface and flow in RHVT. The turbulent and 
frictions models are incomplete, because different researches included in their models a 
lot of turbulent parameters which are difficult to be obtained or resolved. In addition to 
the above, these models are based on many unrealistic assumptions. Other disadvantage 
of these models that all of these models are not considering the geometry effects in their 
study which limited the used of these models. 
1.2.4   Acoustic streaming model 
Different researchers [34-36] have related the energy separation in the RHVT with the 
phenomenon of acoustic streaming. They found a relationship between the acoustic 
resonances frequencies and the forced vortex motion frequency via fundamental 
functions of turbulence effect. They concluded that the energy separation is due to 
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damping of acoustic streaming beside the axis of the tube towards the hot end. This 
model is not popular since acoustic is a product of the flow pattern and are not the 
driving force for the energy separation. 
1.2.5    Secondary circulation model 
Ahlbron et al. [37, 38] have proposed a secondary circulation model based on his 
experimental results. Ahlbron  and his team noticed that the a cumulative mass flow over 
cross section of RHVT in the direction of cold end is larger than the cold exhaust flow 
and they concluded that secondary circulations exist inside the RHVT due the above 
notice. In this model, Ahlbron et al. [37, 38] considered the RHVT as a classical 
refrigeration device and secondary circulation flow as a classical cycle. The secondary 
flow model has been covered by different Researchers as Linderstrom-Lang [39,40], 
Fulton[17], Scheper [18], Ahlborn and Groves [37] and Gao et al. [41]. Also the 
secondary circulations were numerically obtained by Cockerill [42], Frohlingsdor [43] , 
Gutsol and Bakken [44] and Nellis at.el [45]. The difference among these theories based 
on the secondary flow cycle is open or closed in RHVT, Linderstrom, Fulton, Scheper 
and Cockerill suggested to model it as open cycle, however, other researches considered 
the circulation as a closed cycle. In summary and as reported in literature, Van Deemter 
[25] and Gutsol [9], most of these theories can be used as quantitative analysis to explain 
the experimental results trend. The above literatures show that further investigations are 
needed which focus on thermodynamics (compressing and expansion), turbulent flow, 
internal heat transfer and secondary circulation. 
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1.2.6   Rotor-less turbo expander 
This method is founded on the first-principles physics and is not limited to vortex tubes 
only hence it can be applied to any moving gas in general. It implies that the temperature 
separation in a moving gas is due to enthalpy conservation in a moving frame of 
reference. 
The main issue in the vortex tube is the temperature separation between the cold vortex 
core (center of RHVT when radius is zero) and the hot vortex border (when radius is R). 
However this is explained with the work equation of Euler, Hilsch [2] also known as 
Euler's turbine equation, which can be written in the victories form as [46] 
   
 
     
  
          
       
  
                                                                                                           
The adiabatic turbine passage is the basic concept for the above equation, It is shows 
that the peripheral gas in passage is moving fast, while the gas moving toward the center 
is become cold and slower . The more rotational energy delivers to the RHVT leads to 
rotate in a faster way due the gas cools at the center. 
Recent work by Polihronov et al. [47] is a step in the right direction; however it did not 
offer a model that can be used to predict the performance of vortex tube based on the 
vortex tube geometry. 
1.3 Literature review of vortex tube 
A good review paper on vortex tube is presented by Eiamsa-ard at.el [48] that concluded 
that the physical behavior of the flow is not fully understood due to the complexity and 
the lack of consistency in the experimental findings. Xue et al. [49] examined the 
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temperature separation under different conditions such as pressure, viscosity, turbulence, 
temperature, secondary circulation and acoustic streaming in the vortex tube. Xue et al. 
[49] concluded that the most important factors affecting the temperature separation are 
the expansion and the friction between fluid layers.       
All earlier model were developed at an earlier time when the turbine equation of Euler 
fully understood which was used to show the work output of a turbine. A detailed 
temperature analysis and propulsion studies have showed a fundamental description of 
the vortex tube effect such as the one shown above under “rotor-less turbo expander”. 
1.3.1   Experimental studies 
In literature, many experimental works are conducted on vortex tube which mainly tried 
to explain the energy separation which is realized by the temperature separation 
mechanism.  The lack of proper comprehensive model to describe the vortex tube 
phenomena has made the experimental work the main method of analysis. 
All available experimental studies available in literature have explained the mechanism 
for the temperature separation using to one of the following approaches: (1) viscous 
shear, (2) secondary circulation and (3) refrigeration cycle. These experimental studies 
have examined the RHVT performance using different working fluids, varied internal 
flow field behavior and variable geometric parameters. 
1.3.1.1   Viscous – shear study 
This theory concluded that the concentric layer have different angular velocities which 
are produced via the swirling gas inside RHVT. While approaching the center of the 
vortex tube, the angular velocity for different gas layers increases. As a result, the 
9 
 
 
shearing effect between these layers of gas induces a transfer of energy from the inner 
layer to the outer layers. Arbuzov et al. [50] used the Hilbert colure method for 
visualization of swirling fluid in the RHVT. He explained his finding as follow:  
i) The large scale of vortex causes localized vortices which dominate the convection heat 
transfer between fluid particles. 
ii) The heat transfer is due to the pressure gradients. 
iii) The heat exchange between the wall of RHVT and fluid.  
iiii)  The heating of fluid is due to the energy viscous dissipation. The viscous heating of 
the fluid in a thin boundary layer at the wall of vortex tube is the main cause of the 
temperature separations. The cooling of the fluid at the center of RHVT occurs due to 
the creation of a vortex pliat. 
In addition to above, Wu et al. [51] reported that the energy separation is due to energy 
transfer which is caused by fluid viscosity at different radii. Lewins and Benjan [52] 
noticed that the energy transfer from inner to outer layer is due to the angular velocity 
gradient in the radial direction which causes viscous energy dissipation between fluid 
layers and hence causes energy separation. Tromfimov [53] reported that energy 
separation depends on internal angular momentum and viscous dissipation which is 
similar to Lwein and Beng [52] findings. 
1.3.1.2   Secondary flow circulation theory 
The secondary flow as reason of energy separation was proposed by Ahlborn and 
Groves [37].They found that the secondary circulation in the axial direction of the 
RHVT by measuring the axial and tangential velocities through novel pilot tube.  They 
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concluded that this secondary circulation causes the energy transfer from the inner side 
(cold air stream) to outer side (hot air stream). A sketch of the secondary flow patterns 
are shown in figure 2.                                                   
 
Figure 2: Secondary flow circulation in a RHVT (Ahlbron and Groves [37]). 
 
Eight years later, Gao et al. [54] used the secondary flow circulation to explain his 
experimental findings.  
1.3.1.3    Refrigeration cycle theory 
After three years of Ahlborn and Groves [37] works, Ahlbrone and Gordon[55] stated 
that the secondary flow circulation acts as a refrigerator cycle which consists of a heat 
exchanger, an expansion and a compression process, loops, refrigerator, coolant and 
significant temperature splitting as shown in figure 3. The four different processes in the 
refrigeration cycle can be explained as following:  
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1) Adiabatic compression (as shown in figure 3 from c to 4) 
The axial acceleration caused by primary circulation which produces energy to 
push the secondary circulation outward, where it is recompressed as it move 
toward point 4. Energy gain (3 to c) in this stage the heat transfer from primary 
circulation to secondary circulation so the fluids become cooled, this is the 
refrigeration brace. 
2) Adiabatic expansion (as shown in figure 3 from 1 to 2 to 3) 
The pressure in point 2 is higher than 3, so the gas in the secondary loop expands 
adiabatically and this process done when the fluid moves from (point 1) heat 
exchanger to (point 2) hot outer of RHVT and then turn inwards to the central 
flow core (point 3). 
3) Heat rejection (as shown in figure 3 from 4 to 1) 
The heat reject in to primary circulation by the hotter gas comes from secondary 
circulation near the inlet of RHVT. 
4) Energy absorption (as shown in figure 3 from 3 to c) 
The heat will transfer from primary circulation to secondary circulation and thus 
will lead to cool the fluid. 
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Figure 3: The RHVT as a classic refrigeration cycle : 4 to 1 Heat rejection, 1 to 2 to 3 Adiabatic 
expansion, 3 to c Energy absorption, c to 4 Adiabatic compressions Ahlbrone and Gordon [55]. 
 
1.3.2   Working fluid 
Different gases (carbon dioxide and air and other mixtures) were used as working 
medium in RHVT. The RHVT was tested with carbon-dioxide gas separation by 
Raterman et al. [56]. Poshernev and khodorkov [57] tested RHVT with natural gas. 
Balmer [58] examined the energy separation phenomena by using liquid water as the 
working medium in RHVT. He noticed that the energy separation process exists in 
incompressible vortex flow (20 to 50 bars). It was found that the working fluid has a 
significant effect on energy separation in the RHVT. The performance can be optimized 
in RHVT by applying different working medium such as natural gas and mixture of 
gases [7].  
1.3.3   The internal flow field 
The investigation of the flow field inside the RHVT began with flow-visualization 
techniques such as liquid injection and/or smoke injection. MacGee [59] has 
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investigated the flow pattern by inject the colored liquid into the RHVT. Lay [19] has 
injected water inside the RHVT, but he concluded that it is not possible to find the flow 
field and the temperature inside the RHVT.  
1.3.4   The Geometry  
Westley [60]   experimentally investigated effect of different geometry parameter on the 
RHVT performance.  He found that the optimum performance is manipulated by a 
relationship between five different geometric parameters which are the injection area, 
the tube length, the vortex tube cross sectional area, the cold end orifice area and the 
inlet pressure. Westley [60] concluded that optimum RHVT is achieved by using the 
following parametric relations:  
  
   
       
   
   
       
     
  
                 
   
  
                                     
Where    is the flow area of the cold exhaust,     is the flow area of the vortex tube, 
    is the flow area of the inlet nozzle,     is the inlet pressure and    is the cold exhaust 
pressure. Paruelker [33] investigated the RHVT by testing a short conical tube and 
examined the conical angle effect on the vortex tube performance. He concluded that 
optimum RHVT performance is achieved when 
   
   
   where     is the vortex tube 
length and     is the diameter of vortex. He also reported that RHVT performance is 
affected by the tube roughness. He conclude that the performance of the RHVT system 
decreases due to the roughness element by  inner surface of the tube. Paruelker [33] 
suggested that the tube cross section should be slotted and inlet nozzle should have a 
spiral shape. Borisenko et al. [61] reported that the optimum performance is achieved at 
tube conical angle of 3 degree. The conical vortex tube was further investigated for 
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chemical applications by different researchers [3, 57 and 62]. It can be finally said that 
there is an optimal conical angle and this angle should be very small as possible based 
on agreements between all researches. 
Ting-Quan et al. [63] investigated the performance of temperature separation under 
different inlet pressure. They conclude that the inlet pressure has major effect on the 
temperature separation while keeping the inlet temperature at constant value. They 
noticed that when inlet pressure increases, the temperature separation increases for all 
cold volume fraction    
  
  
 (    is mass fraction,     is cold mass and    mass inlet) 
based on the work of Poshernev and Khodorkov [62]. Shannak [64] measured both cold 
and hot temperatures and friction factor in RHVT where found that the hot air outer 
temperature increases, as cold mass friction increases until reaching maximum at 
         and that the cold outlet temperature decreases when the cold air mass 
friction decrease until reaching minimum value at        . The cold air mass between 
0.83 and 0.3 shows reversely affect for the both temperatures parameters so the hot 
temperature decreases and cold temperature increases in this region. Promvonge and 
Eiamsa-ard [65] studied the effect of number of inlet nozzles and the cold outlet 
diameter on the temperature separation. The results show that when the numbers of inlet 
nozzles increases the temperature separation increases. They also reported that the larger 
the cold outlet area, the lower the temperature separations is produced which results 
from the low back pressure. Singh et al. [66] reported that the cold mass fraction and the 
efficiency of RHVT depend on the size of the cold outlet more than on the size of the 
inlet nozzles. Furthermore, they found that the temperature separation increases when 
the length of the tube reach beyond 45 times the diameter. Yunpeng et al. [67] reported 
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three different parameters that have strong effect on RHVT performance which are the 
three dimensional velocity, the turbulent intensity and the pressure-temperature 
distribution. The experimental results show a relation between the formation of hot and 
cold streams and the vortex transformation along the tube.   
1.4 Analytical and numerical studies 
The analytical and numerical studies on the RHVT are limited due to the fact that flow 
field inside the vortex tube is complicated and cross between high speed flow at the 
nozzle outlets and low axial speed inside the pipe with multiple vortex flow behaviors. 
In the coming section the analytical and numerical studies are presented.  
1.4.1   Analytical studies 
Kasser and Knoernschild [68] applied the “laws of shear stress in circulation flows” 
theory in which they assume that the shear stress is function of shear velocity using the 
following equation 
    
  
  
 
 
 
                                                                                                         
Where   is shear stress,  = is the fluid viscosity and  
  
  
 
 
 
  is the shear velocity. The 
initial flow in RHVT is a free vortex due to the constant of Angular momentum. The 
velocity varies inversely with the radius of RHVT so when the distance toward the 
center of vortex tube increases the angular velocity will decrease while the angular 
momentum is constant (             ) so  the free vortex will create here. This free 
vortex leads to pressure distribution in RHVT which causes an adiabatic expansion and 
this lead also to low temperature in a lower pressure region which in the central region. 
The flow now goes toward the hot exit valve due shear stress and thus induces a change 
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from the free vortex to the forced vortex. The difference between the forced and the free 
vortex can be explained as the free vortex is the tangential velocity which inversely 
proportional with the square of the radial location, the forced vortex the tangential 
velocity is directly effect to radial location ( ) as shown in figure 4. The kinetic energy 
caused via the change from free to forced vortex so that the fluid flows outward radially. 
Hence a pressure gradient is formed on the radial direction and lead to the temperature 
gradient. The kinetic energy is transferred along the temperature gradients which lead to 
a lower temperature at the center of RHVT. This work is done by Reynolds [69] and it is 
the popular explanation used to explain the RHVT temperature separation mechanism.  
 
Figure 4: Forced and free vortices. 
 
Kap-Jong at el. [70] a used similar model as the above one model and investigated how 
the flow in vortex is generated, see figure 5 for velocity illustration. 
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Figure 5:Cross-section of vortex tube showing free and forced vortex flows (Kap-Jong et al. 
[70]). 
 
The angular velocity is lower in the outer flow region than the inner Region due to the 
friction between the layers of fluid and the inner surface of RHVT, so it will produce the 
free vortex in the hotter outer region. Based on this the fluid will flow in toward the hot 
outlet and this will lead to change in the free vortex in to forced vortex in the central 
region of RHVT (core). Dessiler and Permutter [71] used an axi-symmetrical model in 
which they divided the RHVT in two regions (the core and the annular regions). They 
concluded that energy separation is mainly depends on the turbulent energy transfer to 
the fluid elements. The results obtained by Dessiler and Permutter [71] are very close to 
the experimental results by Hilsch [2]. Linderstrom-Lang [72] has tested analytically the 
thermal and velocity phenomena’s in RHVT by using the momentum equation which 
developed by Lewellen [73]. He measured the axial and radial gradients for the 
tangential velocity profiles. Stephan et al. [74] developed a mathematical model for 
temperature separation in RHVT but it was too complicated that is did not gain 
popularity. 
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1.4.2   Numerical studies 
Many of numerical studies have been conducted on RHVT but limited numerical studies 
have produced acceptable quantitative results regarding the temperature separation. It is 
found that almost the results are in agreements with each other. The results of these 
numerical studies are discussed below. Behera et al. [75] conducted a three dimensional 
numerical model for the RHVT using the Re-Normalization Group (RNG) turbulent 
model to investigate the temperature separation and flow parameters. Behera et al. [75] 
determined the flow patterns by tracking the particles while moving through the fluid 
flow from inlet to both cold and hot outlets. Behera and his team found that the angular 
velocity decreases radially outward, by examine the flow filed and fluid property 
variation. The velocity gradient leads to transfer energy from the fast moving (inner 
layer) to slower moving (outer layer). The above theory supports both viscous shear 
theory and  Hilsch temperature theory. Eiamsa-ard and Promavonge [76] conducted a 
numerical study using a staggered finite volume approach with two turbulence models 
(ASM and standard     models). Their computational work showed that both models 
were in good agreement with Eckert and Hartnett [77] measurements but the ASM 
showed better agreement than     model. Eiamsa-ard and Promavonge [76] reported 
that the pressure work and stress generation are the main reason for heating of the air in 
the outer region and the kinetic energy diffusion is the main reason for cooling of the air 
in the center of the vortex. Oliver [78] numerical tested the performance of RHVT using 
three different models which are    , SST and Reynolds stress. His work confirmed 
the existence of secondary flow in the RHVT and that the secondary circulation is not 
the main reason for energy separation which was also reported by other researcher such 
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as Ahlbron and Groves [37]. Oliver [78] has found that flow recirculation occurs in the 
entrance region which reduces the air temperature at that center of the vortex and on the 
other hand the friction at the peripheral region increases air temperature.  
Rahim et al. [79] used a three dimensional numerical model to examine the effect of 
nozzles number and its relation to gas cooling for counter flow vortex tube. He 
concluded that the vortex tube with 8 nozzles have better cooling performance (around 
8.7%) when compare to two nozzles. 
1.5 Vortex tube applications 
In the recent years, RHVT have been utilized in many applications varying from 
localized cooling, to gas separation and to solid particle separations. In petroleum 
applications, Fekete [80] has used RHVT for gas separation and reported that the 
centrifugal force produces by RHVT is stronger than any other centrifuges forces 
generated by other devices. For cooling applications, the RHVT was used for cooling a 
static temperature probe Vounnegut [81]. More recently, Sibbrtsen  [82] has used RHVT 
for solid particles separation, mainly; by inserting the RHVT in the exhaust system of a 
diesel engine. He found that 80% of solid particles leave in the hot flow, which 
comprises 20% of the total flow. 
1.6  Thesis objective and report structure 
1.6.1   Objective 
The objective of this thesis is to experimentally investigate the performance of the 
vortex tube for energy separation under different vortex tube design parameters, namely: 
the tube length, tube diameters and the tube tapering angle. In this study, the author is 
investigating and optimizing the vortex tube performance based on inlet pressure and 
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based on different vortex tube parameters. In addition to above, the effect of different 
gases is investigated. In order to have better understanding of the vortex tube under 
variable pressure and different working fluids, an analytical thermodynamics model is 
developed and is numerically solved using EES software. 
1.6.2   Thesis structure 
In chapter 2, the mathematical model with adopted assumptions is introduced. The 
chapter explains how each equation in the model is obtained and clearly explains the 
adopted assumptions. The developed model is solved using EES software which an 
“Engineering Equation Solver”.   
In chapter 3, the experimental setup with schematic diagram for all tested vortex tubes 
are presented. The chapter is divided in to two parts which are experiments details and 
instrumentation uncertainties.  
In chapter 4, the experimental results are presented which consist of five sets of 
experiments. Three sets of these experiments are related to vortex tube shapes which are 
diameter, length and tapering angle. The other two sets of experiments are related to the 
variable pressure values and different working fluids. In this section, a detailed 
description and explanations of the collected data is presented. 
In chapter 5, the conclusion drawn from this thesis and based on the experimental data is 
presented. Based on the experimental and analytical work different recommendations for 
the way forward are presented.All used references are listed in the bibliography section 
at the end of the thesis and all collected experimental data with EES programming code 
are shown in Appendices A to F. 
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Chapter 2: Analytical model for energy separation in RHVT  
  
2.1 Introduction 
As pointed in different places [3 and 4], until now the mechanism of energy separation 
inside the vortex tube (RHVT) system is not properly identified. In addition there is no 
clear physical theory is currently established that can explain the energy separation or 
can relate the energy separation to physical geometry parameters of the vortex tube. In 
this chapter, an attempt is made to develop an analytical model that can predict vortex 
tube performance based on physical parameters using the centrifugal force as the main 
driving force for energy separation. This chapter is presenting a lot of basic principles 
which are related to physical parameters through thermodynamics relations. In this study 
an analytical model is formed using the thermodynamics first law, the conservation of 
mass, the conservation of angular momentum and the ideal gas law combined with 
compressible flow chocking constrain. The presented analytical study has demonstrated 
the ability to predict energy separation due to different number of nozzles and under 
different cold mass ratio. The formulated analytical model consists of set of equations 
that are solved utilizing EES software which is Engineering Equation Solver software. 
The software is capable to solve set of equations numerically by using numerical 
iteration techniques. The software is a powerful tool that can allow compiling multiple 
equations while allowing easy access to fluid properties. The proposed model has been 
evaluated by plotting the energy separation versus cold mass ratio under different inlet 
pressure values and for different gases. 
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To properly analyze the vortex tube, one need to understand how flow behaves when 
enters the vortex tube also to understand how different size parameters affect the vortex 
tube performance. The model described below has many parameters which complicate 
the analysis and are listed in Figure 6. For more information regarding the meaning of 
parameters, the reader needs to refer to the nomenclature section in the beginning of the 
thesis. 
Figure 6. Shows the control volume which is chosen to represents a schematic diagram 
with all thermodynamics parameters needed in the thermal modeling. The system of the 
RHVT is consists of three opening which are marked as the inlet area (  ), the hot outlet 
area ( ) and the cold outlet area ( ). The compressed gas inters at the inlet area and 
forced to rotate in a vortex flow due to vortex generator. The vortex generator has a 
multiple tangential nozzles that allow the flow to enter tangent to the vortex pipe which 
generate a vortex flow inside the pipe. The gas tries to escape from both outlets (cold 
and hot sides), however the amount of escaped fluid from each side is controlled through 
a valve at the hot outlet side while the cold always open to the surrounding.  
 
Figure 6 : control volume for thermodynamics properties. 
 
The presented model makes use of different conservation equations which are (1) the 
conservation of mass, (2) the conservation of energy equation (3) the conservation of 
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angular momentum and (4) ideal gas equation of state. These equations are solved while 
constraining the flow velocity to the speed of sound. The analytical model is generated 
under the following assumptions: 
1) The vortex flow is simplified as rigid body rotation of a cylinder. Using the 
assumption of rigid body is simplification of actual condition in which density, 
pressure and temperature are variable. The use of rigid body motion has been used in 
different study in which they refer to forced vortex flow [17, 20-24, 70]. The 
variations in fluid properties are captured by using the ideal gas law (Hence for sake 
of model simplicity, a slip condition is assumed at the peripheral boundary of the 
vortex flow).  
2) Friction with the wall of the vortex tube is ignored in this analysis since most of the 
energy is used to cause the energy separation in the flow. 
3) The outer perimeter of the rigid cylinder (as mentioned in assumption number 1) is 
rotating at tangent speed equal to the speed of the flow leaving the nozzles (jets) 
which is appropriate for frictionless system (i.e. the fluid cylinder is rotating freely). 
4) The fluid is ideal gas and all properties are used based on ideal gas equation of state. 
5) The vortex tube is insulated and no exchange of heat with the surrounding. 
6) The maximum velocity at any point inside the vortex tube is limited to chocking 
condition in which the flow velocity reaches the speed of sound.  
7) The area of cold outlet and hot outlet is assumed constant however to count for 
closing the hot value (i.e. changing the cold mass fraction), the loss coefficient of hot 
stream is kept variable and allowed to change from 0.1 (for fully open valve) to 
10,000 (for fully closed valve). 
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8) The flow inside the jet (nozzle) is frictionless. 
 
2.2 Conservation of mass 
In the steady state operation, the inlet mass flow rate is equal to the outlet mass flow rate 
from both cold and hot ends, which can be represented as follow:  
                      (2-1*) 
The inlet flow is forced to enter the vortex tube through multiple nozzles (jets), hence 
the fluid speed leaving the jet is directly related to the inlet mass flow rate as follow: 
   
    
         
                    (2-2*) 
 
Figure 7: The velocity distribution in jets. 
 
Once the fluid leaves the jet, it enters to the vortex generator. Based on literature [70], 
the velocity distribution in the vortex generator is assumed to be linear with maximum 
radial velocity at the outer radius and zero radial velocity at the center of vortex 
generator as shown in Figure 7 which agrees with the assumption of rigid body rotation. 
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As the fluid enters the vortex generator and using the assumption of linear tangential 
velocity, the average tangential velocity reaches  
    
 
 , which can be used to calculated 
total mass flow rate entering the vortex tube as follow: 
                                           (2-3*) 
Using assumption number 3, the tangential velocity of the peripheral cylinder is 
                          (2-4a*) 
                           (2-4b*) 
The cold mass flow rate leaves from the center of the vortex generator through a circular 
area (         
 ) as shown in below figure, the cold mass flow rate leaves in the axial 
direction. Hence the mass flow rate for cold stream can be defined as: 
             
                                    (2-5*) 
Note that the      represents the axial velocity inside the vortex generator which is 
needed to move the flow in axial direct from the vortex generator toward the cold outlet 
side. 
Another method to calculate the cold mass flow rate is though the tangential velocity. 
The cold mass flow rate leaving from the cold side comes from the middle of the vortex 
flow, hence one can evaluate a     which represents the separation radius between the 
cold and hot streams as shown in figure 8. So the area in which the tangential cold flow 
is rotating is a rectangular shape with a length of      and width of  . Using above 
argument, one can relate the separation radius to cold mass flow rate as follow:  
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                                                       (2-6*) 
 
Figure 8: The velocity distribution for cold stream and critical zone area. 
 
The vortex generator is an important component that has strong effect on the energy 
separation. The vortex generator has multiple tangential inlet jets which generate the 
vortex flow. As the speed of the jet increase, one can expect that the angular momentum 
increases and hence energy separation increases. However this energy separation is 
limited with maximum speed inside the jets (nozzles). The maximum possible velocity 
inside the jet is the speed of sound since once the flow reach the speed of sound, nozzle 
chocking occurs and no more flow will be possible to be pushed inside the vortex tube. 
The velocity of the flow inside the jet depends on the gas type, temperature and nozzle 
size. Hence while solving for the nozzle (jet) speed; one needs to make sure that the jet 
velocity does not exceed the speed of sound. 
The cold fraction   is the ratio between the cold mass flow rate and inlet mass flow rate 
which is calculated as follow: 
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          (2-7*) 
The relation between inlet mass flow rate and outlet (cold and hot) mass flow rates are 
calculated using the following relations: 
                        (2-8) 
                     (2-9) 
In summary for the conservation of mass equation section, nine unknown variables are 
developed from the mass conservation equation which are:   ,    ,   ,    ,   ,  ,      , 
   and       Note that many parameters shown in the above equations can be calculated 
based on geometry or based on input information. However only seven equations 
(marked with asterisk next to the equation number) have been developed as shown 
above, which mean two more equation is need to solve the above analytical model, 
hence conservation of angular momentum is introduced in next section. 
2.3 Conservation of angular momentum 
The pressure distribution inside the vortex generator is directly affected by the vortex 
flow. It is expected that the vortex flow behaves as rigid body motion and the flow 
velocity at the perimeter of the vortex generator is the highest and linearly decreases to 
the center. Using the pressure distribution for fluid behaving as rotation of rigid body, 
one can find that the pressure changes as follow [83]. 
                                       (2-10a) 
   
    
    
        
    
 
                            (2-10b) 
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This equation can be integrated as follow: 
          
 
 
      
                (2-11) 
Hence for     
          
 
 
     
         (2-12) 
          
 
 
     
                  (2-13*) 
Hence for        
          
 
 
      
         
          (2-14) 
          
 
 
      
         
                   (2-15*) 
 
Hence, for       , the pressure is      which one can relate this value to inlet 
pressure by friction factor however since the flows could reach sonic velocity inside the 
nozzle and such conditions will be complicate the analytical model, the value of 
maximum pressure has been assumed to equal to the inlet pressure. In other words, the 
flow inside the nozzle is frictionless flow. 
Hence for hence        
                           (2-16*) 
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Figure 9: Vortex Tube cross-section showing the pressure distributions inside vortex tube with 
streamlines. 
 
From rigid body rotation, a linear tangential velocity is expected in the radial direction 
which mean angular velocity is constant and can be calculated as follow: 
  
    
    
                   (2-17*) 
In summary for the conservation of angular momentum equation section, another six 
variables are developed from the momentum conservation equations which are: 
    ,     ,      ,   ,     and     . 
Note that many parameters shown in above equations can be calculated based on 
geometry or based on input information. 
However 4 equations only have been developed as shown in the above section. So far a 
total of 15 variables are introduced while only 11 equations are developed, which mean 
more four equations are needed in order to solve the above analytical model. Hence the 
ideal gas equation is introduced next section.  
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2.4 Ideal gas equation  
The ideal gas law known as perfect gas law relates pressure, temperature, and gas 
density as follow: 
                                                                                                                       (2-18) 
From Equation (2-18), one can solve both of density values for cold and hot streams as 
follow:  
                                                                                                                      (2-19*) 
                                                                                                                     (2-20*) 
From the two equations we can calculate the densities for both of cold and hot streams, 
but the temperatures for both of cold and hot are not known, where can be easily 
calculated from both enthalpy of cold and hot stream using ideal gas relation as follow:  
   
  
  
                                                                                                                    (2-21*) 
   
  
  
                                                                                                                   (2-22*) 
In summary for the ideal gas equation section, four equations are developed with another 
four variables. These variable are:  ,    ,    and   , which mean the model still short by 
4 equations. Next to close the model Bernoulli equation and the energy equation are 
used. 
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2.5 Bernoulli equation and conservation of energy 
The fluid is forced to leave the vortex generator due to the pressure difference between 
inlet and outlet. However, inside the vortex generator the pressure distribution changes 
with radius and it is maximum at the perimeter and minimum at the center of the tube. 
To simplify the analytical model, the main driving pressure to separate the gas is taken 
at the separation radius, where flow starts separating to cold and hot steam which mean 
the pressure is the separation pressure (    ). So the hot stream leaves from      to 
atmospheric pressure (  ) and this is modeled using Bernoulli equation with loss 
coefficient of  . While the cold stream leaves from      to atmosphere pressure (  ) 
and is also modeled using Bernoulli equation with loss coefficient of   . The two 
Bernoulli equations relating the separation pressure to atmosphere pressure are shown 
below: 
            
 
 
       
                  (2-23*) 
            
 
 
       
                             (2-24*) 
Note that the axial velocity (    ) represents the axial velocity inside the vortex generator 
which is needed to move the flow in axial direct from the vortex generator toward the 
cold outlet side. Also the axial velocity (    ) represents the axial velocity inside the 
vortex generator which is needed to move the flow in axial direct from the vortex 
generator toward the hot outlet side. 
The value of      and       are the outlet velocity for hot and cold streams, respectively. 
These values have a limitation of compressible flow which means the flow should not 
exceed the speed of sound. The new parameters which are    and    which representing 
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the minor losses in both cold and hot streams, respectively. The    is the minor losses 
related to cold stream and thus is assumed constant since the cold outlet is always kept 
fully opened to the surrounding. While the    is the minor losses in the hot stream and 
thus it is variable since it directly related to the opening of the hot side valve. The hot 
outlet valve controls the amount of hot stream and cold stream since when the valve is 
full open, all the fluid leaves at the hot side (   ) and if the valve is total closed then 
all the flow leaves the cold side (   ). 
The first law of thermodynamics can be captured in the following phrase which states 
that the energy is conserved and energy can be transferred from the system to its 
surroundings, or vice versa, but it cannot be created or destroyed. The general steady 
state equation for the first law of thermodynamics is: 
              
  
 
                
  
 
                     (2-25) 
For insulated vortex tube there is no heat transfer and hence      and there is not work 
is applied hence    . The first law of thermodynamics if applied around the vortex 
tube will be simplified as follow: 
                            (2-26) 
Combining the first law of thermodynamics shown above with the mass conservation 
derived earlier and divides it by the total inlet mass flow rate, one can obtain the 
following: 
If we divide the equation above by     the equation will lead to: 
                                 (2-27*) 
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An alternative energy equation that is useful to apply in this model is to relate the 
amount of energy for fluid while it is rotating inside the vortex generator, to the amount 
of energy of the fluid when it starts moving axially toward the exit. This equation can be 
written for the hot or cold side since both equations are dependent on each other. Below 
the energy equation for the hot side is developed: 
     
   
 
 
     
    
 
 
                  (2-28*) 
In summary for the Bernoulli equation and energy equation section, four equations have 
been developed which mean that the set of equation is completed.  
In summary of the analytical model, total of 19 independent unknown’s variables is 
developed with total of 19 equations; hence the system can be solved numerically using 
any equations solver. The 19 independent unknown’s variables are listed below: 
    ,     ,      ,  ,     ,     ,   ,    ,   ,   ,   ,  ,     ,   ,   ,   ,    ,    and      
The 19 equations developed above are shown in earlier sections and are identified by 
(*). 
2.6 Compressible flow model as limitation 
The flow is chocked when the downstream pressure is reduced and the mass flow rate 
can’t be increased, also the chocking occurs when the velocity of working air reaches the 
sonic velocity or when the Mach number is 1. The chocked condition results in the 
maximum flow rate for any fixed value of upstream pressure and temperature. So it is 
expected that nozzle chocking to occur when the velocity of air reaches sonic velocity. 
So this limitation is introduced to the model by comparing the velocity at any point in 
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the vortex tube to the speed of sound (for air 343 m/s is used). Hence based on above 
discussion, the model has been modified to have a condition as following: 
    
                                     
   
   
       
                              
                 (2-29) 
The above condition is used to limit the value for the velocity inside the nozzle or at the 
outlet to 343 m/s or below. 
2.7 Performance of the RHVT system 
The performance of the RHVT as cooling device (refrigerator) is done by calculating the 
cooling load of cold outlet stream when compared inlet condition. On the other hand, the 
performance of the RHVT as heating device (heat pump) is done by calculating the 
heating load of hot outlet stream when compared inlet condition. 
The coefficient of performance (   ) of the RHVT as cooling device can be calculated 
by dividing the cooling load (   ) on the needed input power work (  ), Waele [84]. So 
the (   ) of the RHVT as cooling device is expressed as follow: 
     
   
 
                                                                                                                                                                                                                                        
The cooling load can be calculated from cooling capacity of the cold gas stream, as 
follow: 
                                                                                                                             
There are different techniques to calculate input power to the vortex tube. However 
since in most applications the gas is introduced to the vortex tube at high pressure and at 
the room temperature, this study is considering the input power equals to the power 
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needed to isothermally compress the gas. The ideal isothermal compressor power is 
calculated using the following equation: 
                                                                                                                    
Hence the coefficient of performance of refrigeration of vortex tube can be calculated as 
follow: 
     
               
                         
                                                                                                 
Similar relation was presented by Vonnegut [81] as shown below:  
     
 
 
 
           
              
                                                                                                  
For the heat pump, the coefficient of performance for RHVT is defined as the ratio 
between the heating loads to the input power used. The heat load for heating is 
calculated as follow: 
                                                                                                                            
The input power used by the RHVT system is shown earlier in equation (2-30), hence 
the coefficient of performance for heat pump is calculated as follow:  
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2.8 Solving the analytical model using EES software 
EES is abbreviation for Engineering Equation Solver. The main advantage of EES its 
ability to solve numerically set of non-linear algebraic equations using different iteration 
techniques. The EES program is one of the fastest compilation engineering solvers that 
allow access to thermodynamics table and fluid properties. . EES software is able to 
automatically identify and group equations that need to be solved simultaneously. EES 
provides many built-in mathematical and thermo physical property functions useful for 
engineering problems. EES is particularly useful tool for design models. The program 
provides a Parametric Table, which is similar to a spreadsheet.  The EES software has 
many advantages in modeling, the most useful one is it allow the engineering to identify 
number of equations needed based on number of parameters listed in his model. This 
advantage is very useful in making sure that the model is closed (i.e. number of 
unknown parameters equal number of listed equations). 
In addition to above, the model requires an initial condition to solve system of equations. 
One parameter are identified, one can change the default initial condition to more real 
one and help reaching a faster and more accurate results. The code used to solve set of 
equations developed in this chapter is shown in appendix-F. 
 
2.8.1 Analytical model results using EES 
The EES program shown in Appendix-F represents the model that is developed in this 
chapter written using EES programming language. To show the appropriateness of the 
model, the effect of pressure and fluid types are investigated and analyzed with help of 
EES as shown in below figures. The relation between   (the cold mass fraction) and ΔT 
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(the temperatures difference) are plotted as shown in figure10 and figure11. The inlet 
pressure effect and different working medium effect are presented in figure10 and 
figure11, respectively. The analytical results, shown in figure 10 (inlet pressures values 
of 120, 135 and 150 kPa), qualitatively agree with the experimental findings; that when 
the inlet pressure increases the separation of energy increases (the difference in 
temperature between cold and hot streams increases). The model is capable to capture 
the qualitative behavior of vortex tube under different inlet pressure values but not the 
quantitative behavior which means the model still need more details to be able to 
quantitatively capture the experimental data. The results which shown in figure 11 is for 
different working fluids mainly (Air, H2, and O2.) which investigate a good match with 
experiments data. 
 
 
Figure 10 : Temperature difference ( T) vs. the cold mass fraction ( ) based on different 
pressure 120, 135, 150 and 170 kPa based on air working fluids.  
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Figure 11: Temperature difference ( T) vs. the cold mass fraction ( ) based on different working 
fluid Air, O2 and H2 for vortex tube under pressure of 5 bars. 
 
2.8.2 Conclusion of the analytical model results 
The model is capable to predict the energy separation due to vortex flow as shown in 
figure 10 and figure 11. The model is capable to predict the increase in the energy 
separation due to the increase in inlet pressure as shown in figure 10, and to predict the 
effect of changing working medium as shown in figure 11. By looking through figure 11 
it can be seen that the model is capable to predicting the pressure effect except when 
mass fraction approach zero, the temperature of outlet flow starts to deviate from the 
experimental results which means that the model still more modification to able to 
predict the energy separation when mass fraction approach zero. Hence it is 
recommended to do more investigation to upgrade the model by adding the effect of heat 
transfer at the outlets. It is clear that the analytical model suffers from different 
limitations such as friction losses and heat losses from the tube wall. In addition to 
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above, the model is not considering the secondary circulation in the vortex tube, hence 
the effect of the vortex tube geometry were not counted in this analytical model. 
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Chapter 3: Experiments setup 
In this chapter, several sets of experimental setups were prepared and different 
experiments were conducted aiming at attaining further insights and a better 
understanding of the performance of the vortex tube and the underlying phenomena. The 
ultimate goal of the conducted experiments is to clearly identify the effect of the vortex 
tube diameter, the vortex tube length, the vortex tube tapering angle, the inlet pressure, 
and the fluid type, on the performance of the vortex tube. To assure the validity of the 
experimental results, well-designed experiments are needed. A detailed description of 
the experimental setups and the conducted experiments is given in the subsequent 
sections. Different instrumentations are used in the experiments including: three 
thermocouples, two Bourdon tube pressure gage, two flow meters and data acquisition. 
The locations of these instrumentation devices is indicated in figure 14. 
3.1 Standard vortex tube arrangement  
3.1.1 Test setup overview 
 A schematic diagram of the experimental setup used in the conducted experiments is 
shown in figure 12.  As shown in the figure, the vortex tube is supplied with different 
pressurized gases that are supplied to the tube from pressurized cylinders and in the case 
of compressed air, the supply tank is maintained at the desired supply pressure by a 
compressor.  
For the case of the air tests a compressor connected to a 1m
3
-size storage tank is used to 
ensure suppressing any pressure and possible temperature fluctuations in the supply air, 
and to provide compressed air at the desired flow rate conditions. The practice followed 
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while conducting the experiments using air  is  to run the compressor  for about half an 
hour before conducting any test, in order (as highlighted above) to stabilize the tank 
pressure and temperature and to minimize any possible transient effects due to the 
compressor. The maximum attainable pressure by the used compressor is 12 bars. 
However, all tests conducted are run with inlet pressures below 5 bars just to assure a 
continuous steady operation of the tube over the time period of the test.  The compressed 
air is flown through multi-stage filter in order to assure that only dry clean air is supplied 
to the vortex tube setup. The multi-stage filter includes the use of dehumidifier, oil filter 
and particles separation filter. 
The flow rate of the inlet gas and the cold outlet gas, are measured using rotameters. The 
flow rate of the hot outlet air is calculated by subtracting the cold stream mass flow rate 
from the inlet flow rate. Two pressure gages are used before after the inlet rotameter.   
This allows for defining the pressure drop through the flow meter; the pressure value 
setting during the experiments is based on the pressure value after the rotameter. . As 
shown in figure 12, three thermocouples are used to measure the temperature of the 
different gas streams. The outlet is open to the room pressure thereby allowing the gas to 
expand to the surrounding room pressure. As mentioned earlier two outlet streams come 
out of the vortex tube, one cold stream using out of the tube from the vortex generator 
side and the other is the hot stream which exist the vortex tube from the other end.  
In this work, the vortex tube used in the experiments is made from stainless steel with 
overall length of 135 mm and inner diameter of 16mm. The outlet diameter of the cold 
side is 4.5mm and the outlet diameter of the hot side is 8mm. The temperature 
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measurements are facilitated by using thermocouples. The inlet flow rate is controlled 
via flow meter valve which is directly proportional to the inlet pressure.  
In this study, five groups of experiments are conducted on the RHVT which are: 
1) Testing a different inlet pressure which varies from 2 to 5 bars with inlet being at 
room temperature, 
2) Testing different diameters (9mm,16mm, 26mm) of RHVT with fixed inlet pressure 
at 4 bar, 
3) Testing different lengths of RHVT(66mm,113mm,158mm) with fixed inlet pressure 
at 4 bar, 
4) Testing different tapering angles (0°,4°,10°,12°)of RHVT at 4 bar, and 
5) Testing different working fluids (H2, Air and O2) in RHVT at fixed inlet pressure of 
2 bars. 
All experiments tests are conducted following specific procedure and data where 
repeated more than once to assure consistency and accuracy of the reported results. 
More details about the tests groups considered in this work are given in the following 
sections. 
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Figure 12 : Schematic diagram of the test bed with the point of data collection. 
 
3.1.2  Design of the RHVT 
The vortex tube performance in gas separation depends on the dimensions and the 
design of the RHVT. The dimension and the design of the RHVT are directly impacting 
the flow field and have strong relation to energy separation. There are a lot of 
parameters which can be verified in designing the RHVT. The main parametric 
dimensions evaluated in this study are tube length, tube diameter and tube inner tapering 
angle. In addition to these parameters, the study reports the use of different working 
fluid and different inlet pressures. All results are reported as function of cold mass flow 
ratio ( ), which is defined as the ratio between outlet cold mass flow rate to the total 
inlet mass flow rate.  The collected data are used to assess and evaluate the analytical 
model that is developed in this study and described in an earlier chapter.  As reported in 
different literatures [33, 57 and 63],  there is so far no model that is capable of predicting 
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the performance of the vortex tube based on geometric parameters, hence experimental 
work is mainly used to understand the performance of the RHVT. Hence most of 
available vortex tubes are produced based on experimental studies and empirical 
relationships. Since there are many parameters to study in regards to the vortex tube 
performance and in order to properly evaluate the effect of different parameters, this 
study investigates the effect on the RHVT performance of the following five main 
parameters:  
3.1.2.1   Tube length ( ) 
The tube length is defined as the distance from the vortex generator to the hot outlet; see 
figure 13. The flow inside the vortex tube is separated into two streams, one cold stream 
and another hot stream, as described before.  In this work we adopted this relation in 
deciding the length and tube diameter. For example, in one of the cases, in which the 
effect of the tube length was investigated we considered a tube length of 113mm and 
inner diameter 16mm which this is considered as a standard vortex tube in this work, 
also it have been used other values for the length namely 158mm and 66mm; see figures 
13, 14, and 15 for more details. 
45 
 
 
 
Figure 13: Vortex tube with length 113 mm. 
 
 
Figure 14:  Vortex tube with short length 66 mm. 
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Figure 15: Vortex tube with long length 158 mm. 
 
3.1.2.2   Tube Diameter ( ) 
The tube diameter represents the hot side inner diameter of the vortex tube as shown in 
figure 13. It is expected that the vortex tube diameter has a strong effect on the tube 
performance.  Hence, three different diameters are evaluated in this study namely 
(9mm,16mm and 26mm) Different  researchers [64 to 67] conducted  a lot of 
experiments  on vortex tube by changing the tube diameters aiming at  enhancing  the  
energy separation. They concluded that the tube performance improves when the 
diameter of the tube increase up to 16mm. Beyond that, however, the performance will 
deteriorate. In addition they found that for small diameter (consequently small Reynolds 
numbers for the given inlet pressures) the inertia force which drives the vortex becomes 
weaker and thus adversely effects the vortex tube performance. The large diameter 
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(consequently large Reynolds number at the given fixed inlet pressures) allows for 
producing larger inertia force to sustain more effective vortex and hence more effective 
energy separation in the tube [85].  The tube diameters which are selected in this work 
are 16mm, 26mm and 9mm (see figures 13, 16 and 17).  
 
Figure 16: Vortex tube with big diameter 26 mm. 
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Figure 17: Vortex tube with small diameter 9 mm. 
 
3.1.2.3    Tapering angles of vortex tube (ϴ)  
The tapering angle shown in Figures (13, 18, 19 and 20) is expected to have an effect on 
the secondary flow and on enhancing gas separations.  By reviewing literature, one can 
conclude that the tapering angle of vortex tube is an important parameter for the energy 
separation and the performance of the vortex tube [57 and 62]. As reported in literature, 
the best performance and largest energy separation occurs when the angle is very small 
[86]. In the present work, four different tapering angles are used namely 0, 4, 10 and 12 
degrees (see figures 18, 19, and 20).  
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Figure 18: Vortex tube with tapering angle 4 degree. 
 
Figure 19: Vortex tube with tapering angle 10 degree. 
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Figure 20: Vortex tube with tapering angle 12 degree. 
 
3.1.2.4   Working medium 
Different working gases have been used namely natural gases and mixture (carbon 
dioxide and air). It was conclude [7, 56 and 57] that the compressed gases can be used as 
working fluid inside the RHVT for the operations and investigate the both of 
temperature separation and performance. In this research three different types of 
compressed gasses were used which are Air, Oxygen (O2) and Hydrogen (H2). The 
reason for choosing these gasses comes from two aspects  
1) Investigating the performance of the RHVT when using different type of gases 
based on the criteria of pure and mixture for the gasses (Air is mixture of gasses 
while both of Oxygen and Hydrogen is pure). 
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2)  Checking the performance of the RHVT when using different type of molecular 
weights of gasses where Oxygen (32 kg/kmol), Air (28.97 kg/kmol) and 
Hydrogen (2.02 kg/kmol).  
The experiment for different working fluids is conduct at fixed inlet pressure which 2 
bar due the safety propose because of Hydrogen gas is very dangerous; on the other 
hand, the gasses are obtained by cylinders which have a certain size of the contain.     
3.1.3  Instrumentation 
3.1.3.1   Temperature sensors 
The thermocouples with type K(Nickel-Chrome) with extension grade  were used in the 
test, however the temperature range from 0C
° 
until to 200C
°
, where the temperature 
measured in degree C
°
. The thermocouples were used to measure  the various 
temperatures, however the temperature difference at the two ends was determined the by 
thermocouples directly, we should have a known reference temperature which usually 
known as reference junction and this reference junction is equal to 0C
°
. For this purpose 
an ice bathes shown in figure 21 below was used and each of thermocouples had one of 
their junction in ice bath. In addition it is most accurate circuit to measure the 
temperature with sensor and it was noticed that the uncertainty for above thermocouples 
is 0.3C
°
. 
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Figure 21: Calibration details for thermocouples. 
 
To obtain the measurement of Tsensor, while the reference junctions temperature T reference 
be determined directly as shown in the above figure, since it influences the value of 
output voltage. The "Ice bath" method as mentioned earlier it was used to calibrate the 
thermocouples, where the reference junction block is immersed in a frozen bath of water 
at atmospheric pressure. The precise temperature of the melting acts as a natural 
thermostat, fixing to T reference 0 °C. The value V+E (T reference) is calculated, and then the 
function E(T) is looking for a matching value and when the match  value is occur this 
gives an indication for the value of T sensor .  
3.1.3.2    Pressure measurements 
A Bourdon pressure gage with ¼” thread opening which is an instrument use to measure 
the pressure for liquid and gasses, consisting of a semicircular or coiled flexible metal 
tube connected to a gage that measure the degree to which the tube is straightened by the 
pressure of the gas inside. The range for pressure readings for the Bourdon gage used is 
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from 0 to 15 bars, and that for the operating temperature is from -40
o 
C to 60
o 
C and it is 
made from stainless steel. The uncertainty for this pressure gauge is +/- 0.2 bars. 
3.1.3.3    Flow meters 
The volumetric flow ate of inlet air stream is measured by glass flow rotameter. 
However the volumetric flow for the cold outlet stream is measured by using two 
different of glass flow rate meters based on the scale and accuracy. The low accuracy 
rotameter is used when the cold flow rate is occurring and thus happen at which the hot 
valve is nearly closed. The high accuracy rotameter is used when the low cold flow rate 
is occurring and thus happen at which the hot side is nearly open. There are three types 
of glass rotameters that are used to measure the mass flow rate in our experimental tests. 
The first one is used for inlet air stream which has low accuracy by +/- 0.5 Scfm 
(2.9*10
-3 
kg/min at 5 bar). In addition to above, the maximum temperature of the 
rotameter is 38C
°
, the maximum pressure is 689 kPa and the reading scale by SCFM. 
The second rotameter which was used is the same one which described above and it was 
used when high amount of cold stream occur where the uncertainty is +/- 0.5 Scfm 
(5.8*10
-4 
kg/min at 1 bar). The last one is used when the small cold stream occurs with 
high accuracy +/- 0.05 Scfm (5.8*10
-5 
kg/min at 1 bar). It was described in details the 
way of how the above flow meters are used to measure the different type of air stream 
flow rates which in section test standard overview. Different rotameters are used for 
different gases depends on the gas type. 
3.1.3.4   Data acquisition 
The type of data acquisition which was used in our experiments is an eight channel 
portable data acquisition, logging system with graphic displays and a built-in function 
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system. Moreover, it is a battery operated and it is capable of sampling, processing and 
displaying measurements without being connected to a computer. This system is used to 
show the measured temperature via thermocouples which connected to different 
locations in the system. The data acquisition system model used in our tests is OM-
DAQPRA-5300.  
3.1.4 Calibration  
Calibration is the procedure of configuring an instrument to provide a result for a sample 
within a suitable range of errors.  Eliminating or minimizing errors that cause inaccurate 
measurements is a fundamental aspect of instrumentation design. Where the procedure 
for calibration is may vary from instrument to instrument, the calibration procedure 
generally involves using the instrument to test samples of one or more known values 
which called “calibrators.” the final accuracy of the measurement depends on the 
measurements which are taken in visualization way (the reading which taken by the 
eye).  
3.1.4.1   Pressure gauge Bourdon tube measurement 
As mentioned before we have used a Bourdon tube gauge to measure the Pressure which 
the inlet pressure to the system. However the calibration for this device was done in the 
manufacture before using it in the experiments, it can be conclude that the uncertainty 
for the pressure gauge is 0.2bars. 
3.4.1.2   Flow meters measurements 
The flow meters were calibrated with a commercially calibrated rotameter. The flow 
meter response is not linear as known from others researches, so the accuracy of the 
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flow meters is varying. The reasonable estimate for accuracy as mentioned before is +/- 
0.5 Scfm for both of inlet air flow and the cold air stream at the high flow range and it is 
+/- 0.05 Scfm for the cold air flow at the low flow range. As mentioned earlier the 
oxygen and hydrogen have the same flow meter which used for air. In order to check the 
validity of the calibration relations for different inlet pressures, the value of the ratio 
(mc/mi) should be in the range from 0 to 1. The flow rate calculated based on rotameter 
is assumed to be at atmosphere condition, hence for the case of higher pressure the mass 
flow rate was corrected using gas density at specific inlet pressure (varying from 2 to 5 
bars) which is calculated based on the ideal gas law as mentioned in section 2.4 and 
equation (2-18). 
3.1.4.3   Temperature sensors measurements 
The thermocouples were calibrated by placing them in ice water and reading the 
temperature with certain of thermometers. The temperature was varied for 0C
°
 to 60C
°
 in 
the experiments and it is used to allow the temperature to be measured by thermocouples 
and thermometers with accurate values. The thermocouples reading had an accuracy of 
+/- 0.3C
°. 
The measuring junctions of thermocouples are placed into flow as shown in 
figure 21. Finally the effect of thermal conductivity is assumed to be negligible due of 
small cross section of thermocouples.  
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3.2  Uncertainties for measuring quantity 
3.2.1  Heat rate (  ) 
The heat rate carried by the hot flow or cold flow is calculated using the following 
equation: 
                                                                                                                                   
In order to calculate the uncertainty heat rate, one needs to differentiate the above 
equation. 
     
   
      
          
   
   
                                                                                             
                                                                                                         
Where 
                                              
                                              
                    
                                                                                 
So based on the above equation and known other values we can calculate the uncertainty 
for heat rate carried by the hot flows. However the maximum heat transfer relative error 
in all experiments can be calculated by  
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3.2.2 Cold mass fraction (  ) 
   
   
     
 
In order to get the uncertainty we have to differentiate the equation above 
    
  
    
       
  
      
                                                                                                 
    
 
     
          
   
     
                                                                                    
Where  
                                              
                                                      
    
 
     
             
   
     
           
                                                            
So based on the above equation and known other values we can calculate the uncertainty 
for cold flow mass fraction. However the maximum relative error for cold mass fraction 
in all experiments can be calculated by  
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Chapter 4: Results and discussion  
 
4 .1 Introductions  
The performance of the vortex tube set up, shown in Chapter 3, is presented in this 
chapter under different conditions. Five different groups of tests are investigated. Each 
test group focuses on changing one design parameter while fixing the rest of parameters 
at fixed value. As mentioned earlier in chapter 3, the five groups of experiments are: 
1) Testing a different inlet pressure which varies from 2 to 5 bars with inlet temperate 
being at room temperature which is presented under section 4.2, 
2) Testing different diameters (9mm,16mm and 26mm) of RHVT with fixed inlet 
pressure at 4 bar which is presented under section 4.3, 
3) Testing different lengths of RHVT (66mm,113mm and 158mm) with fixed inlet 
pressure at 4 bar which is presented under section 4.4, 
4) Testing different tapering angles (0°,4°,10° and 12°) of RHVT at 4 bar which 
presented under section 4.5, and 
5) Testing different working fluids (H2, Air and O2) in RHVT at fixed inlet pressure of 
2 bars which presented under section 4.6. 
Hamdan et al. [87] studied the effect of nozzles parameters on energy separation, where 
he discovered that the maximum energy separation is achieved with tangential nozzle 
orientation parameter while the symmetry on nozzles has minimum effect on 
performance of the vortex tube, he conclude that the maximum energy separation can be 
achieve in optimum number of nozzles which 4 nozzles number. Based on this important 
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information about number of nozzles , which it was considered in current study and 
helps to chose the optimum number of nozzles which around 4.   
        
4.2 Experiment of vortex tube under different inlet pressure (P) values which 
varies from 2 to 5 bars 
In this experiment, one RHVT design is tested under different inlet pressure values and 
the results are plotted in figure 22. As shown in the figure, the maximum hot 
temperature and minimum cold temperature occur at different cold mass fraction. Inside 
the vortex generator, the inlet gas flow gets separated to two zones; one is hotter than the 
inlet temperature which occurs near the periphery of the rotating gas and the other is 
colder than the inlet temperature which occurs at the center of the rotating gas. The two 
thermal zones (hot and cold) result from the difference in kinetic energy and the pressure 
energy between these zones. The periphery zone is the hotter one since the flow in this 
zone has higher kinetic energy and higher pressure energy. The high kinetic energy is 
due to the high tangential velocity at the peripheral zone while the high pressure energy 
comes that rotating flow is causing centrifugal force that increase the pressure of 
peripheral zone. Hamdan et al. [88] was experimentally investigate three different 
operating parameters (inlet pressure, cold mass fraction and insulation) on the 
performance of the vortex tube, he conclude that the both of inlet pressure and cold mass 
fraction parameters have major effects on the performance of vortex tube while the 
insulation has minimum effect on the performance. This study from Hamdan gives an 
indication that the inlet pressure is major effect and thus leads to take it in the 
consideration in this current study.     
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At      which means the hot outlet is totally closed and all the inlet gas is leaving at 
cold side, one expects the temperature difference should approach zero (assuming ideal 
gas expansion at low pressure difference). However this does not occur as shown in the 
figure. Actually the figure shows that as   approaches 0, the cold stream reaches an 
asymptotic value which is colder than the inlet temperature while the hot stream reaches 
an asymptotic value which is hotter than the inlet temperature. These results are 
explained as follow: 
1) The thermocouple in the cold side is placed at the center of the vortex flow which 
means at all the time the thermocouple will read colder value when compared to the 
inlet condition since the energy is getting separated due to the vortex centrifugal 
force. Except when all gases are forced to leave at the cold side which occurs when   
approaches 1. Since when   approaches 1 that means all the zones of the gas are 
rotating and then forced to get mixed to leave from the cold side. This means that the 
outlet temperature will be average of both cold and hot which will approach almost 
the inlet temperature. Hence   approaches 1, one can expect to obtain room 
temperature condition at the outlet as shown in figure 22. 
2) While for the hot side, the thermocouple is placed after the valve and outside the 
tube. The hot temperature occurs due to the fact that the control valve is forcing only 
the periphery rotating gas to leave while forcing the rest of the colder gas to rotate 
inside the vortex. Hence a room temperature gas inters at the inlet which gets 
separated to cold and hot zones and only hot zone fluid can leave due to the valve 
shape which means colder steam is rotating inside. Under the steady conditions, one 
expect that this cold core will keep getting colder as hot streams leaves the vortex 
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tube however this will not happen since at certain stage heat starts to transfer from 
the surrounding to the cold core. This means the vortex tube is absorbing heat from 
the surrounding. While when   approaches 1, all separated hot and cold zones are 
forced to flow through the cold side resulting in mixing of hot and cold zones gases 
which force outlet temperature to approach the inlet condition. The mixing behavior 
occurs when   approaches 1 due to the flow pattern which is controlled by the 
control valve. However as stated earlier when   approaches 0, no mixing will occurs 
and only periphery hot zone is allowed to flow out. 
As shown by the result in figure 22, as the pressure increase the energy separation 
increase and the temperature difference between cold and hot streams increases. 
However beyond 4 bar, namely at the pressure of 5 bar the performance of the RHVT 
drops below the performance of 4 bars. This drop in performance is due to flow 
chocking at the inlet nozzles which occurs when the speed of the gas reach the speed of 
sound. 
As conclusion the energy separation increases with pressure increases which is mainly 
driven by the centrifugal force (as mentioned in section 2.1.4). Since as pressure 
increases the inlet velocity increases cause stronger centrifugal forces and causing biger 
temperature difference. For select RHVT design, one the pressure exceed 4 bar, 
chocking occurs and shoch wave occurs at the outlet of tangential nozzle causing 
unstable flow which explain the drop in perfornace at 5 bar when compared to 4 bar 
condition. 
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Figure 22: Temperature difference ( T) vs. the cold mass fraction ( ) based on different pressure 
2, 3, 4 and 5 bars based on air working fluids. 
 
The cooling and heating load which are shown in figure 23 are calculated using 
equations (2-31) and (2-35), respectively. From figure 23 and, no energy separation is 
detected at    . This is due to the fact that     means no flow is leaving from the 
hot side and all the inlet fluid is leaving at the cold side. As stated before cold zone and 
hot zone is formed inside the vortex tube due to the centrifugal force which means that 
such zones are formed at any cold mass fraction including at    . Hence at at    , 
the hot gas near the periphery of the rotating vortex flow gets mixed with the cold gas at 
the cold core of the vortex tube resulting with outlet flow temperature close to the inlet 
temperature. In other words, energy separation occurs as long as swirl flow exists 
however detecting the energy separation depends on the flow behavior. When cold and 
hot zones get mixed as occur at    , then no energy separation will be detected. From 
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figure 23 and at    , all the gases are forced to leave from the hot side however this 
time and due to control valve shape, more privilege is given for hot peripheral rotating 
flow allowing most peripheral flow to escape while the core is held in the middle. Under 
steady state condition, this mean the cold core will keep getting colder up to a point 
where the heat gain from the surrounding equal taken by the hot flow while its leaving 
the vortex tube. 
 
Figure 23: Heat (Q) vs. the cold mass fraction ( ) based on different pressure 2, 3, 4 and 5 bars 
based on air working fluids.  
 
A schematic representation of this is shown in figure 24 which shows that outlet fluid 
leaving from one side have to have same inlet temperature unless it gains heat from the 
surrounding.  
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Figure 24 : Effect of heat surrounding for vortex tube. 
 
The performance of the vortex tube as cooling and heating device is evaluated by 
calculating the coefficient of performance for refrigerator and for heat pump using 
equations (2-30) and equation (2-36), respectively. The results of these equations versus 
the relative pressure ratio are shown in figure 25 and 26. Figure 25 is presenting the     
for the heat pump as maximum coming from hot outlet flow and figure 26 is also 
presenting the     for the refrigeration as maximum coming from cold flow side. The 
maximum       is (0.15) which occurs at          , while the maximum      is 
(0.1) which occurs at         . The maximum     of heating (     ) increases as 
inlet pressure increases up to 4 bar and then decreases due to flow chocking as discussed 
earlier in figure 22. While the maximum     of cooling (    ) decreases as inlet 
pressure increases which means the vortex tube performance of cooling decreases which 
mean amount compressor work needed to get the compress gases increases while 
amount of energy separation rate with pressure decreases. Earlier work by Hamdan at el. 
[87] shows that the pressure ratio had different effect of the      . The main reason of that 
difference is the shape and geometry of the vortex generator since in Hamdan at el. [87] 
work a 6 jets vortex generator was used while in this work a 4 jets vortex generator is used.    
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Figure 25: Coefficient of performance as maximum for refrigerator (   ) vs. the relative 
pressure ratio based on 2, 3, 4 and 5 pressure based on air working fluids. 
 
Figure 26: Coefficient of performance as maximum for heat pump (   ) vs. the relative 
pressure ratio based on 2, 3, 4 and 5 pressure based on air working fluids. 
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4.3 Experiments for vortex tube under different tube length (L) values at fixed 
inlet pressure of 4 bar  
In this experiment, the vortex tube size parameters are kept the same except for the tube 
length. Three different tube length values are tested which are 158mm, 113mm and 
66mm under fixed pressure value of 4 bar. The reason the 4 bar is selected that it 
showed maximum pressure difference as discussed in earlier section. The results of these 
tests are shown in figure 27-30. Figure 27 shows the outlets temperature of the vortex 
tube versus the cold mass fraction which is similar to the one shown in figure 22. Hence 
same discussion used in figure 22 can be stated for figure 27. The main additional 
information that the figure 27 offers is offering that the vortex tube length has major 
effect on the energy separation (temperature separation). As shown from the above 
figure, the tube length of 113 mm has better performance than the other tube lengths 
(158mm and 66mm), which means there is an optimal tube length which lays between 
158mm and 66mm.  These tests have been repeated many times just to assure 
repeatability of the data and confirm the validity of these findings. 
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Figure 27: the temperature difference ( T) vs. the cold mass fraction ( ) based on different 
lengths for vortex tube under 4 bar pressure based on air working fluids. 
 
To clearly show the effect of tube length on the energy separation, figure 28 is 
constructed which shows how the maximum thermal energy of hot and cold outlet 
streams versus the tube length. As shown in figure 28, there is an optimum value for 
tube length between 66mm and 158mm. Hence the length 113mm has shown better 
performance than other two lengths. The reason of having optimum length is that the 
tube length has two conflicting effects. The first one; as the tube length increases, the 
heat loss increases to the surrounding which lead to drop in RHVT performance. The 
second effect is related to the secondary circulation which increases with the tube length 
since it allow the flow enough space to separate leading to better performance for 
RHVT. More information related to secondary circulation is mentioned in the literature 
review (chapter 1 of this thesis). 
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Figure 28: Heat for both cold and hot (Q) maximum vs. the lengths of vortex tube 66mm, 
113mm and 158mm based on air working fluids. 
 
The performance of cooling in vortex tube is shown by plotting      verses the tube 
lengths in figure 29 and the performance of heating in vortex tube is shown by plotting 
      verses the tube lengths in figure 30. The reason of having an optimum values for 
both        and      are similar to the one mentioned for optimum energy separation 
( T) in figure 28.  
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Figure 29: Coefficient of performance as refrigeration (   ) maximum vs. the lengths of vortex 
tube 66mm, 113mm and 158mm based on air working fluids. 
 
Figure 30: Coefficient of performance as heat pump (   ) maximum vs. the lengths of vortex 
tube 66mm, 113mm and 158mm based on air working fluids. 
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4.4  Experiments for vortex tube under different tube internal diameter (D) 
values at fixed inlet pressure of 4 bar 
The effect of tube diameter is shown in figure 31 where different vortex tube diameters 
are tested, mainly 26mm, 19mm and 9mm. Note that other design parameters are kept 
fixed. An inlet pressure of 4 bar is used in these test. Figure 31 shows the outlet 
temperature of the vortex tube versus the cold mass fraction. Same discussion used in 
figure 22 can be stated in figure 31. The additional information drawn from figure 31 is 
that the vortex tube diameter has a strong effect on the energy separation (temperature 
separation). As shown from the figure above, the vortex tube with D=19 mm has better 
performance than the other tube diameters (26mm and 9mm), which means that there is 
an optimum diameter for vortex tube. To clearly show the effect of tube diameter on the 
energy separation, figure 32 is constructed which shows how the maximum thermal 
energy of hot and cold outlet streams versus the tube length. 
  
Figure 31: Temperature difference ( T) vs. the cold mass fraction ( ) based on different 
diameters for vortex tube under 4 bar pressure based on air working fluids. 
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Figure 32 shows the energy separation for cold and hot streams as function of tube 
diameter. As shown in the figure 32, there is an optimum value for tube diameter 
between 9mm and 26mm. Hence the diameter 16mm has shown better performance than 
other two diameters. The reason of having optimum diameters is that tube diameter has 
two conflicting effects. The first one; as the tube diameter increases the secondary 
circulation increases leading to better performance for RHVT. The second effect is the 
angular velocity (average velocity) decreases as tube diameter increases due to the 
conservation of mass (fixed mass flow rate is getting distributed on bigger are). Hence, 
when the angular velocity decreases, pressure gradient in radial direction decreases 
which will reduce the centrifugal force. Hence as diameter increases the centrifugal 
force becomes smaller causing the performance of RHVT to drop. 
 
Figure 32: Heat for both cold and hot (Q) maximum vs. the diameters of vortex tube 9mm, 
16mm and 26mm based on air working fluids. 
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The performance of cooling in vortex tube is shown by plotting      verses the tube 
diameters in figure 33 and the performance of heating in vortex tube is shown by 
plotting       verses the tube diameters in figure 34. The reason of having an optimum 
values for both        and      are similar to the one mentioned for optimum thermal 
energy separation in figure 32. 
 
Figure 33: Coefficient of performance as refrigeration (   ) maximum vs. the diameters of 
vortex tube 9mm, 19mm and 26mm based on air working fluids. 
 
Figure 34: Coefficient of performance as heat pump (   ) maximum vs. the diameters of vortex 
tube 9mm, 19mm and 26mm based on air working fluids. 
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4.5 Experiments for vortex tube under different tapering angles (ϴ) values at 
fixed inlet pressure of 4 bar 
The effect of tube tapering angle is shown in figure 35 where different vortex tube 
tapering angle are used, mainly 0°, 4°, 10° and 12°. Figure 35 shows that the outlet 
temperature of the vortex tube which is almost like to the one shown in figure 22. Same 
discussion used in figure 22 can be state in figure 35. The main additional information 
that figure 35 are offering is that the vortex tapering angle has an effect on the energy 
separation (Temperature separation). As shown from the figure, the tapering angle of 0°, 
has better performance than the other tapering angles , which lead one to conclude that 
under given conditions and vortex tube size, the zero angle is the optimum tapering 
angle for the vortex tube. It is clear that when the tapering angle decreases the 
performance of energy separation increases which clearly can be seen in figure 36. 
  
Figure 35: Temperature difference ( T) vs. the cold mass fraction ( ) based on different tapering 
angles for vortex tube under 4 bar pressure based on air working fluids. 
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Figure 36 shows the energy separation for cold and hot streams as function of tapering 
angle. Four different angles are used which are 0°, 4°, 10° and 12°. As shown in the 
figure, the optimum tapering angle is 0° angle as shown in the figure and that the 0° 
angle has shown better performance than other three tapering angles. The reason of 
testing for optimum tapering angle is that tube tapering angle has two effects. The first 
on as the angle increases the secondary circulation will decreases and leading to worse 
performance of the RHVT due to the geometry effect (cone shape) which agree with 
results of this test that as the angle increases the heating load and cooling load decreases. 
The second effect is a combination of friction, viscous resistance and the separation flow 
or secondary circulation flow. As the tapering angle increases, one expects the swirling 
velocity of gas stream to decreases which reduce the friction energy loss. Consequently, 
the drop in friction loss should enhance energy separation however this was not 
observed in these tests. As reported by Shannak [64] as tapering angle increases, the 
energy separation increases due to the development of the secondary circulation flow in 
the vortex tube. In literature [61], it was claimed that an optimum performance was 
achieved at tapering angle of 3
o
 which was not tested in this study because of 
manufacturing difficulty in obtaining internal tube inclination of 3
o
 in metal tube. 
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Figure 36: heat for both cold and hot (Q) maximum vs. the tapering angle of vortex tube 0°, 4°, 
10° and 12° based on air working fluids. 
 
The performance of cooling in vortex tube is shown by plotting      verses the 
tapering angle in figure 37 and the performance of cooling in vortex tube is shown by 
plotting       verses the tapering angle in figure 38. The     follows similar 
performance as the thermal load as shown in figure 36. 
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Figure 37: Coefficient of performance as refrigeration (   ) maximum vs. the tapering angle of 
vortex tube 0°, 4°, 10° and 12° based on air working fluids. 
 
 
Figure 38: Coefficient of performance as heat pump (   ) maximum vs. the tapering angle of 
vortex tube 0°, 4°, 10° and 12° based on air working fluids. 
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4.6 Experiments for vortex tube with different working fluids at inlet pressure 
of 2 bars 
Three different gasses (O2, H2 and Air) are tested and energy separation of temperature 
result for these gases are shown in figure 39 the coldest temperature separation is 
achieved in oxygen followed by air and lastly by hydrogen. This observed trend in 
coldest temperature is due to centrifugal force which causes the expansion at the core of 
the vortex flow which highly dependent on gas density (implicitly on the gas molecular 
weight) which directly affecting the centrifugal force. Oxygen has the highest molecular 
weight compared to air which has higher molecular weight compared to hydrogen. The 
hottest outlet temperature is achieved in air followed by hydrogen and then by oxygen. 
This trend is different than one obtained in the cold stream. The reason behind this is 
flow chocking which depends on the speed of sound in these different gases which can 
be calculated using the follow equation:                            
   
       
   
                                                                                                                         
From above equation it is clear that the speed of sound in the hydrogen is higher than air 
which is higher than oxygen. Hence chocking will happen earlier in oxygen when 
compared the air and hydrogen. Such chocking phenomenon will reduce the effect of 
centrifugal force and will cause reduction in the hottest peak temperature. The complex 
relation between molecular weight with density and with speed of sound will control the 
energy separation in different gases. 
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Figure 39: Temperature difference ( T) vs. the cold mass fraction ( ) based on different working 
fluid Air, O2 and H2 for vortex tube under pressure of 2 bar. 
 
From figure 40, it is clear that oxygen showed the highest energy separation followed by 
air and finally by hydrogen. And from chemistry, the molecular weight for oxygen is 32 
kg/kmol, air is 28.97 kg/kmol and hydrogen is 2 kg/kmol. This shows that energy 
separation has strong relation with molecular weight which directly affect density of the 
gas. The higher the density leads to a higher centrifugal force which is the main driver 
for the energy separation. 
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Figure 40 : Heat (Q) vs. the cold mass fraction ( ) based on different working Fluids air, O2 and 
H2 under pressure of 2 bar. 
 
Figure 41 and figure 42 show similar trend as the thermal load shown in figure 40. 
Figure 41 shows the     for the vortex tube as cooling device while figure 42 shows 
the     for the vortex tube as heat pump. The oxygen showed better cooling 
performance when compared with air and hydrogen at the same inlet pressure and same 
vortex tube size followed by air then hydrogen. The maximum       is 0.068 which 
occurs at         for the oxygen as working medium. Also oxygen showed better 
heating performance when compared to air and hydrogen which indicates that molecular 
weight of the working fluid has strong effect on performance since as molecular weight 
increases, the density increases which will causes a stronger centrifugal force. The 
stronger centrifugal force causes better energy separation as is observed with oxygen. 
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However molecular weight is not the only dominant factor since in cooling hydrogen 
performed little bit better than air which means there is other factor such power needed 
to compress the gas. 
 
Figure 41: Coefficient of performance as refrigerator (   ) vs. the cold mass fraction ( ) based 
on different working fluid Air, O2 and H2 under pressure of 2 bar. 
 
  
Figure 42: Coefficient of performance as heat pump (   ) vs. the cold mass fraction ( ) based 
on different working fluid Air, O2 and H2 under pressure of 2 bar.  
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Chapter 5: Conclusions and recommendations 
 
5.1 Introduction 
This work presents a closer look to vortex tube performance using experimental testing 
and analytical modeling. The experimental work is developed using a fully instrumented 
vortex tube setup allowing accurate measurements of temperatures and flow rates. The 
analytical model presented in this study is a step forward relating the effect of geometry 
and different gas medium on the performance of RHVT. 
 
5.2 Conclusions  
A sequence of experiments are conducted in order to investigate the performance of the 
vortex tube under several design parameters mainly; (1) inlet pressure, (2) tube diameter, 
(3) tube length, (4) tube tapering angle and (5) different working mediums. The 
following conclusions are drawn from this work:  
1) The results related to analytical model which obtained in this thesis show a good 
qualitative match with experiment data but not quantitative. This means that still 
more detailed modeling is needed such as heat transfer between cold and hot zone. 
Also between vortex tube and surrounding. Also the model needs to accommodate 
the secondary circulation by including the vortex tube parameters. 
2) The inlet pressure is an important driving force for the temperature separation. 
Experimental data show that the higher the inlet pressure, the greater the temperature 
difference of the outlet streams until 4 bar pressure where 5 bar inlet pressure shows 
conflicting behavior than other inlet pressures 2, 3 and 4 bar due to nozzles choking. 
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3) The vortex tube length has important effect on the performance of the vortex tube. 
The data shows that the vortex tube has an optimum length between 66 mm and 158 
mm. As the tube length increases, the region of the secondary circulation increases 
causing better energy separation however on the other hand that cause more chance 
for heat lost to the surrounding which reduce the effect of energy separation. 
4) The vortex tube diameter has direct effect on the performance of the vortex tube. The 
data shows that the vortex tube has an optimum diameter between 9 mm and 26 mm 
due to the relation between inertia force and drag force. 
5) The performance of vortex tube can be improved by using a divergent tube, and the 
divergent angle should be smaller than 4°. In this study no optimum tapering angle is 
obtained. The experimental results show that as the angle decreases the energy 
separation increases. 
6) The vortex tube is tested using three different gasses which are oxygen, hydrogen 
and air, in order to investigate the effect of working medium for energy separation. 
The experimental data shows that the coldest temperature is achieved in oxygen 
followed by air and then by hydrogen, while in hot stream, the hottest temperature is 
achieved in hydrogen, followed by air and then by oxygen.  
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5.3 Recommendations 
To better understand vortex tube performance and to improve current analytical model, 
several ideas cab be pursed such as:  
1. Test the vortex tube with different angles of jets i.e. 90°, 45° and 0°. This would also 
confirm the effect of nozzle angle. Add the effect of nozzle angle to the analytical 
model. 
2. Test the vortex tube with a mixture of gases and check the ability of the vortex tube 
to separate mixture of gasses into two outlet streams with different gas 
concentrations. 
3. Insulation can be providing in order to investigate the behavior of energy separation 
(temperature separation) for vortex tube in this condition and to understand the effect 
of heat transfer to the surrounding. 
4. Improve the vortex tube analytical model by adding the effect of vortex tube 
parameters (the effect of secondary circulation), which will draw the analytical 
model closer to the experimental results. Currently the model can be tested for the 
effect of tube diameter, number of nozzles and different working gases. The author 
didn’t compare the results obtained from analytical model with experiment due to 
the lake in the analytical model because of not considering the effect of secondary 
circulation and geometry of vortex tube.   
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Appendix 
Appendix-A: Data for experiments for vortex tube with different inlet pressure values (P) which varies from 2 to 5 bars. 
Table A1: Data for Temperature difference of vortex tube with different inlet pressures which varies from 2 to 5 bars (P). 
Data for 5 bar 
 
Data for 4 bar 
 
Data for 3 bar 
 
Data for 2 bar 
 
  ∆T_c ∆T_h   ∆T_c ∆T_h   ∆T_c ∆T_h   ∆T_c ∆T_h 
0.99975 -1.5 4 0.99435 -3.3 5 0.999926 -2 3 0.999055 -1.5 2 
0.984756 -3.6 8 0.939075 -3 13 0.989963 -2.3 4.6 0.966591 -1.5 4 
0.925186 -3.6 11.6 0.895025 -3 27 0.956752 -3.7 15.2 0.947495 -2.1 8.9 
0.821662 -5 20.4 0.883522 -6 35.8 0.956752 -5.3 25 0.947495 -3.6 13.1 
0.80914 -6.7 25 0.840464 -6.7 32.4 0.923541 -6.4 25.8 0.928399 -4.9 20.1 
0.784096 -8.5 26.1 0.813184 -9.4 32.6 0.89033 -6.9 24.3 0.909303 -5.7 19.6 
0.771574 -9 25 0.785904 -11 32.1 0.89033 -9.8 22.2 0.890206 -7.8 20.6 
0.74653 -10 23.6 0.772263 -11.6 30.2 0.85712 -10.8 20.8 0.87111 -9.2 19.1 
0.722169 -10.9 23.3 0.758623 -12.9 26.7 0.85712 -12.3 18.4 0.863472 -10.1 17.5 
0.709848 -11.2 24.1 0.731343 -15.6 27.1 0.823909 -12.4 17 0.832918 -11.5 15.8 
0.708963 -12.6 26.7 0.704063 -16.7 24.1 0.790698 -13.8 16.2 0.794725 -11.4 13 
0.709848 -13.4 29 0.671326 -18 26 0.667147 -15.4 11.7 0.7 -12 9 
0.685208 -14.3 27.9 0.622221 -18.5 24.6 0.52 -16.3 9.6 0.6875 -13.2 7.7 
0.650083 -12 27 0.594941 -18.1 23.5 0.5 -15.3 3.6 0.575 -14.2 5.3 
0.635927 -11.3 26.3 0.581301 -19.9 24.8 0.44 -15.2 1.7 0.575 -14.6 4.8 
0.586647 -10.2 25.5 0.594941 -19.9 23.9 0.4 -13.9 0.1 0.475 -15 3.1 
0.56521 -8.8 23 0.567661 -19.8 24.3 0.38 -13.3 0.1 0.447059 -13.2 1.7 
0.550661 -8.2 20.5 0.546175 -19.2 23.2 0.34 -12.1 0.5 0.435294 -12.4 0.3 
0.512565 -6.8 20.2 0.548086 -19.1 21.9 0.32 -12.7 -0.5 0.361446 -9.6 1.3 
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0.489062 -4.8 18.2 0.54038 -18.6 20.4 0.32 -11.9 -0.1 0.341463 -8.8 0.8 
0.465558 -3.7 16.2 0.536317 -17.8 19.5 0.3 -11.3 0.2 0.341463 -7.6 1.9 
0.476923 -5.8 12.9 0.522429 -16.8 18.3 0.26 -10.9 0.3 0.317073 -7.8 1.2 
0.469231 -4.3 13.3 0.428571 -14.3 16.1 0.2 -10.9 0.8 0.317073 -7.9 1.7 
0.461538 -3.3 13.3 0.428571 -13.4 16.5 0.16 -10.7 0.2 0.317073 -5.5 3.8 
0.461538 -2.7 13 0.357143 -13.5 15.8 0 -10.8 0.3 0.317073 -7.2 2.3 
0.446154 -2.7 12.6 0.267857 -13.4 16.6 0 0 0 0.304878 -6.5 2.6 
0.446154 -4 12 0.142857 -12 15 0 0 0 0.292683 -6.3 2.3 
0.438462 -2.7 13 0 -12 15 0 0 0 0.292683 -6.3 2.1 
0.384615 -0.1 11.2 0 0 0 0 0 0 0.243902 -6.3 2.1 
0.076923 -1 12.3 0 0 0 0 0 0 0 -6 2.8 
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Table A2: Data for heating and cooling load of vortex tube with different inlet pressures which varies from 2 to 5 bars (P). 
    Q (C) Q (H)   Q (C) Q (H)   Q (C) Q (H)   Q (C) Q (H) 
0.99975 -13.2267 0.006587 0.99435 -22.1081 0.247456 0.999926 -11.2692 0.002076 0.999055 -7.34305 0.009262 
0.984756 -23.451 0.401107 0.939075 -18.981 5.336308 0.989963 -12.8304 0.260168 0.966591 -7.10445 0.654812 
0.925186 -22.4404 1.968473 0.895025 -18.4196 19.44347 0.956752 -19.9478 3.704263 0.947495 -9.74972 2.289743 
0.821662 -30.6994 4.57307 0.883522 -35.7164 28.09483 0.956752 -28.5739 6.092537 0.947495 -16.7138 3.370296 
0.80914 -40.5102 4.873521 0.840464 -38.6294 35.45905 0.923541 -33.3066 11.11579 0.928399 -22.2909 7.052007 
0.784096 -49.8028 5.466881 0.813184 -52.4374 41.7788 0.89033 -34.6174 15.01711 0.909303 -25.3968 8.710588 
0.771574 -51.8903 5.759853 0.785904 -59.3043 47.14532 0.89033 -49.1667 13.71933 0.890206 -34.0237 11.08258 
0.74653 -55.7844 6.135699 0.772263 -61.4536 47.18065 0.85712 -52.1626 16.74673 0.87111 -39.2696 12.06282 
0.722169 -59.7851 6.320864 0.758623 -67.1336 44.21105 0.85712 -59.4074 14.81442 0.863472 -42.7332 11.70732 
0.709848 -60.3825 6.479363 0.731343 -78.2654 49.94497 0.823909 -57.5698 16.86867 0.832918 -46.9349 12.93553 
0.708963 -66.7514 6.312777 0.704063 -80.6588 48.92616 0.790698 -61.487 19.10657 0.794725 -44.3933 13.07602 
0.709848 -72.2434 5.972474 0.671326 -82.8953 58.62228 0.667147 -65.4458 24.80722 0.7 -41.16 13.23 
0.685208 -74.4194 6.47967 0.622221 -78.9661 63.7524 0.52 -51.9155 28.224 0.6875 -44.4675 11.79063 
0.650083 -60.2041 7.842933 0.594941 -73.8715 65.29955 0.5 -48.7305 11.466 0.575 -40.0085 11.03725 
0.635927 -54.5775 8.474055 0.581301 -79.3557 71.23244 0.44 -40.964 5.831 0.575 -41.1355 9.996 
0.586647 -45.4469 9.368859 0.594941 -81.2178 66.41103 0.4 -34.055 0.3675 0.475 -34.9125 7.97475 
0.56521 -38.3857 9.74523 0.567661 -77.1042 72.07009 0.38 -30.9558 0.37975 0.447059 -30.723 4.893875 
0.550661 -34.8477 9.924312 0.546175 -78.3609 78.67594 0.34 -25.1983 2.02125 0.435294 -28.1015 0.882 
0.512565 -27.7528 10.57279 0.548086 -74.3783 70.31756 0.32 -24.892 -2.0825 0.361446 -17.64 4.220125 
0.489062 -18.6919 11.32616 0.54038 -68.9504 64.32101 0.32 -23.324 -0.4165 0.341463 -15.092 2.646 
0.465558 -13.7159 11.89071 0.536317 -64.3192 60.91922 0.3 -20.7638 0.8575 0.341463 -13.034 6.28425 
0.476923 -22.0255 11.94528 0.522429 -59.1337 58.8827 0.26 -17.3583 1.35975 0.317073 -12.4215 4.116 
0.469231 -16.0659 12.07538 0.428571 -42.042 63.112 0.2 -13.3525 3.92 0.317073 -12.5808 5.831 
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0.461538 -12.1275 12.25038 0.428571 -39.396 64.68 0.16 -10.486 1.029 0.317073 -8.75875 13.034 
0.461538 -9.9225 11.93627 0.357143 -33.075 69.678 0 0 1.8375 0.317073 -11.466 7.889 
0.446154 -9.59175 11.67841 0.267857 -24.6225 83.3735 0 0 0 0.304878 -9.95313 9.07725 
0.446154 -14.21 10.95328 0.142857 -11.76 88.2 0 0 0 0.292683 -9.261 8.17075 
0.438462 -9.42638 11.4806 0 0 101.0625 0 0 0 0.292683 -9.261 7.46025 
0.384615 -0.30625 13.30042 0 0 0 0 0 0 0.243902 -7.7175 7.97475 
0.153846 -1.225 17.96723 0 0 0 0 0 0 0.146341 -4.41 12.005 
0.076923 -0.6125 19.95062 0 0 0 0 0 0 0 0 14.063 
0 0 21.61318 0 0 0 0 0 0 0 0 0 
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Table A3: Data for coefficient of performance for heating and cooling of vortex tube with different inlet pressures which varies from 2 to 5 
bars (P). 
     _c    _h      _c    _h      _c    _h      _c    _h 
0.99975 0.014743 7.38E-06 0.99435 0.028125 0.000315 0.999926 0.021707 3.28E-05 0.999055 0.026018 4E-06 
0.984756 0.026139 0.000899 0.939075 0.024147 0.006789 0.989963 0.024656 0.00232 0.966591 0.025173 0.0005 
0.925186 0.024557 0.006399 0.895025 0.023015 0.024294 0.956752 0.038333 0.008099 0.947495 0.034487 0.007118 
0.821662 0.03023 0.02677 0.883522 0.045346 0.035669 0.956752 0.05491 0.011909 0.947495 0.059061 0.011708 
0.80914 0.039877 0.035098 0.840464 0.048152 0.0442 0.923541 0.063897 0.024861 0.928399 0.078583 0.021325 
0.784096 0.048991 0.041422 0.813184 0.06532 0.052043 0.89033 0.066234 0.030635 0.909303 0.089322 0.028732 
0.771574 0.051028 0.041964 0.785904 0.073849 0.058708 0.89033 0.0936 0.038886 0.890206 0.119382 0.026118 
0.74653 0.054673 0.043809 0.772263 0.076269 0.058555 0.85712 0.099006 0.042227 0.87111 0.137466 0.031786 
0.722169 0.057341 0.047156 0.758623 0.082873 0.054576 0.85712 0.11242 0.0409 0.863472 0.149292 0.028034 
0.709848 0.057818 0.050853 0.731343 0.096454 0.061552 0.823909 0.108619 0.045071 0.832918 0.163534 0.031827 
0.708963 0.064791 0.056361 0.704063 0.099139 0.060136 0.790698 0.115627 0.045455 0.794725 0.154319 0.03593 
0.709848 0.068649 0.060728 0.671326 0.101383 0.071697 0.667147 0.108513 0.045823 0.7 0.142559 0.041132 
0.685208 0.070717 0.063386 0.622221 0.096578 0.077971 0.52 0.089405 0.040756 0.6875 0.153709 0.048605 
0.650083 0.056751 0.068731 0.594941 0.091069 0.080502 0.5 0.080428 0.038089 0.575 0.138068 0.018924 
0.635927 0.052452 0.06989 0.581301 0.098157 0.088109 0.44 0.070108 0.034439 0.575 0.141724 0.009979 
0.586647 0.043575 0.076757 0.594941 0.100226 0.081954 0.4 0.058208 0.02743 0.475 0.120086 0.000628 
0.56521 0.036184 0.07275 0.567661 0.095055 0.088848 0.38 0.05279 0.015833 0.447059 0.099395 0.000648 
0.550661 0.032805 0.066923 0.546175 0.088567 0.088924 0.34 0.042999 0.002849 0.435294 0.090765 0.003449 
0.512565 0.02528 0.071415 0.548086 0.088268 0.083448 0.32 0.042284 0.014005 0.361446 0.05854 -0.00354 
0.489062 0.017061 0.067582 0.54038 0.084918 0.079216 0.32 0.039595 0.00885 0.341463 0.050479 -0.00071 
0.465558 0.012523 0.062943 0.536317 0.080681 0.076416 0.3 0.035215 0.021019 0.341463 0.043596 0.001454 
0.476923 0.020157 0.04917 0.522429 0.07435 0.074034 0.26 0.029449 0.013718 0.317073 0.041398 0.002307 
0.469231 0.014698 0.051423 0.428571 0.051899 0.077909 0.2 0.022653 0.019414 0.317073 0.041888 0.00665 
0.461538 0.011095 0.052169 0.428571 0.048632 0.079844 0.16 0.017784 0.043624 0.317073 0.029315 0.001745 
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0.461538 0.009057 0.050873 0.357143 0.040734 0.085814 0 0 0.026249 0.317073 0.038151 0.003114 
0.446154 0.008714 0.050481 0.267857 0.030184 0.102205 0 0 0 0.304878 0.033117 0.030203 
0.446154 0.012829 0.047777 0.142857 0.014326 0.107445 0 0 0 0.292683 0.030784 0.02716 
0.438462 0.008538 0.05265 0 0 0.125766 0 0 0 0.292683 0.030764 0.024782 
0.384615 0.000279 0.049974 0 0 0 0 0 0 0.243902 0.025637 0.026491 
0.153846 0.001114 0.071663 0 0 0 0 0 0 0.146341 0.01464 0.039854 
0.076923 0.000558 0.082323 0 0 0 0 0 0 0 0 0.046686 
0 0 0.076132 0 0 0 0 0 0 0 0 0 
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Appendix-B: Data for experiments with different tube length (L) for RHVT at 4 bar. 
Table B14: Data for Temperature difference with different lengths of RHVT at 4 bar (L). 
 
Data for 4 bar length 113 cm Data for 4 bar length 158 cm Data for 4 bar length 66 cm 
  ∆T_c ∆T_h   ∆T_c ∆T_h   ∆T_c ∆T_h 
0.99435 -3.3 5 0.99586 6 -1.5 0.994055 2 -2 
0.939075 -3 13 0.956351 6.8 -3.8 0.949122 3.3 -3.2 
0.895025 -3 27 0.916841 18.7 -3.8 0.811521 3.1 -1.7 
0.883522 -6 35.8 0.835357 20 -5.8 0.751706 4.5 -3.9 
0.840464 -6.7 32.4 0.74653 13.3 -8 0.658751 5.4 -4.9 
0.813184 -9.4 32.6 0.685208 13.5 -10.8 0.641777 5.5 -4.8 
0.785904 -11 32.1 0.709848 10.6 -12.4 0.580327 6.1 -6.3 
0.772263 -11.6 30.2 0.668263 11 -11.9 0.573879 5.5 -5.7 
0.758623 -12.9 26.7 0.642369 15.6 -9.4 0.522956 4.9 -4.5 
0.731343 -15.6 27.1 0.629423 8.2 -12.1 0.535745 5 -5 
0.704063 -16.7 24.1 0.616476 7.1 -14.7 0.489007 1.8 -3.5 
0.671326 -18 26 0.603448 6.6 -14.5 0.438083 1.9 -2.5 
0.622221 -18.5 24.6 0.596491 5.2 -14.1 0.404134 2 -3.9 
0.594941 -18.1 23.5 0.598214 6.2 -12.8 0.353211 1.6 -2.6 
0.581301 -19.9 24.8 0.571429 7.2 -13.4 0.094118 1.5 -1 
0.594941 -19.9 23.9 0.525424 8.5 -12.1 0 2 -1 
0.567661 -19.8 24.3 0.516949 7.1 -13.3 0 0 0 
0.546175 -19.2 23.2 0.466667 7.9 -12.3 0 0 0 
0.548086 -19.1 21.9 0.448276 7 -10.8 0 0 0 
0.54038 -18.6 20.4 0.396552 6.2 -10.7 0 0 0 
0.536317 -17.8 19.5 0.387931 2.7 -12.6 0 0 0 
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0.522429 -16.8 18.3 0.37931 3.4 -12.1 0 0 0 
0.428571 -14.3 16.1 0.350877 3.6 -12.2 0 0 0 
0.428571 -13.4 16.5 0.258621 2.6 -12.1 0 0 0 
0.357143 -13.5 15.8 0.185185 2.5 -12 0 0 0 
0.267857 -13.4 16.6 0 1.5 -12 0 0 0 
0.142857 -12 15 0 0 0 0 0 0 
0 -12 15 0 0 0 0 0 0 
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Table B25: Data for heating and cooling load with different tube length (L) for RHVT at 4 bars. 
  
Q(C) L 
113 mm 
Q(H) L 
113 mm   
Q(C)L 
158mm 
Q(H) L 
158mm   
Q(C) L 
66mm 
Q(H)  L 
66 mm 
0.99435 - 22.1081 2.355548 0.99586 -28.3024 1.2355648 0.994055 -10.3506 0.89524 
0.939075 -18.981 5.336308 0.956351 -25.8205 2.108864 0.949122 -31.6248 1.74822 
0.895025 -18.4196 19.44347 0.916841 -24.7538 11.04875 0.811521 -15.2099 6.441737 
0.883522 -35.7164 28.09483 0.835357 -35.6113 24.20257 0.751706 -31.2441 11.90788 
0.840464 -38.6294 35.45905 0.74653 -44.6275 25.19097 0.658751 -35.5874 20.31625 
0.813184 -52.4374 41.7788 0.685208 -56.2049 32.2764 0.641777 -33.9628 21.72177 
0.785904 -59.3043 47.14532 0.709848 -66.8521 23.35924 0.580327 -39.8602 27.91046 
0.772263 -61.4536 47.18065 0.668263 -57.4754 26.37394 0.573879 -36.064 25.83892 
0.758623 -67.1336 44.21105 0.642369 -43.6416 40.32248 0.522956 -25.9451 25.77113 
0.731343 -78.2654 49.94497 0.629423 -55.0448 21.96244 0.535745 -27.8922 24.17029 
0.704063 -80.6588 48.92616 0.616476 -65.4971 19.68062 0.489007 -18.8695 10.14066 
0.671326 -82.8953 58.62228 0.603448 -62.1688 18.5955 0.438083 -12.0747 11.77075 
0.622221 -78.9661 63.7524 0.596491 -58.7265 14.651 0.404134 -17.3768 13.13884 
0.594941 -73.8715 65.29955 0.598214 -52.528 17.08875 0.353211 -10.1248 11.40936 
0.581301 -79.3557 71.23244 0.571429 -52.528 21.168 0.094118 -0.98 14.14875 
0.594941 -81.2178 66.41103 0.525424 -45.9498 29.155 0 0 20.825 
0.567661 -77.1042 72.07009 0.516949 -49.6921 24.78788 0 0 0 
0.546175 -78.3609 78.67594 0.466667 -42.189 30.968 0 0 0 
0.548086 -74.3783 70.31756 0.448276 -34.398 27.44 0 0 0 
0.54038 -68.9504 64.32101 0.396552 -30.1473 26.5825 0 0 0 
0.536317 -64.3192 60.91922 0.387931 -34.7288 11.74163 0 0 0 
0.522429 -59.1337 58.8827 0.37931 -32.6095 14.994 0 0 0 
0.428571 -42.042 63.112 0.350877 -29.89 16.317 0 0 0 
0.428571 -39.396 64.68 0.258621 -22.2338 13.6955 0 0 0 
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0.357143 -33.075 69.678 0.185185 -14.7 13.475 0 0 0 
0.267857 -24.6225 83.3735 0 0 9.9225 0 0 0 
0.142857 -11.76 88.2 0 0 0 0 0 0 
0 0 101.0625 0 0 0 0 0 0 
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Table B3 6: Data for coefficient of performance for heating and cooling with different tube length (L) for RHVT at 4 bars. 
  
   _c L                
113mm 
   _hL                  
113mm   
   _cL 
158mm 
   _hL 
158mm   
   _cL 
66mm 
   _hL 
66mm 
0.994349509 0.028125395 0.000314808 0.995860345 0.033465 0.000209 0.994055 0.00852 0.000102 
0.939074545 0.024147209 0.006788718 0.956350862 0.0305 0.002491 0.949122 0.02613 0.001444 
0.895025 0.023014527 0.02429379 0.916841379 0.029347 0.013099 0.811521 0.011885 0.005034 
0.883521818 0.045345601 0.035669272 0.835356667 0.040839 0.027755 0.751706 0.025094 0.009564 
0.840464286 0.048152005 0.044200099 0.746529508 0.050173 0.028321 0.658751 0.027445 0.015668 
0.813183929 0.06531974 0.052042678 0.685208065 0.061965 0.035584 0.641777 0.026166 0.016735 
0.785903571 0.073848822 0.058707837 0.709848387 0.073461 0.025668 0.580327 0.030889 0.021628 
0.772263393 0.076268637 0.058554778 0.668262712 0.066151 0.030355 0.573879 0.027508 0.019709 
0.758623214 0.082873181 0.054576406 0.642369492 0.050527 0.046684 0.522956 0.01977 0.019638 
0.731342857 0.096453939 0.06155198 0.629422881 0.063229 0.025228 0.535745 0.02243 0.019437 
0.7040625 0.099139429 0.060136171 0.616476271 0.074481 0.02238 0.489007 0.014214 0.007639 
0.671326071 0.101383253 0.071696641 0.603448276 0.072031 0.021546 0.438083 0.00911 0.008881 
0.622221429 0.096577708 0.077970915 0.596491228 0.069282 0.017284 0.404134 0.013026 0.009849 
0.594941071 0.091069204 0.080501706 0.598214286 0.064542 0.020997 0.353211 0.007614 0.00858 
0.581300893 0.098157259 0.088109365 0.571428571 0.064328 0.025923 0.094118 0.000783 0.011303 
0.594941071 0.100225986 0.081953861 0.525423729 0.053606 0.034013 0 0 0.016692 
0.567660714 0.095054579 0.088848477 0.516949153 0.057551 0.028708 0 0 0 
0.54617541 0.088567421 0.088923518 0.466666667 0.047984 0.035222 0 0 0 
0.548086207 0.088267529 0.083448482 0.448275862 0.040606 0.032392 0 0 0 
0.540380357 0.084917588 0.079216181 0.396551724 0.035389 0.031204 0 0 0 
0.536317273 0.080681044 0.076416168 0.387931034 0.040448 0.013675 0 0 0 
0.522429091 0.074349784 0.07403414 0.379310345 0.038005 0.017475 0 0 0 
0.428571429 0.051898813 0.077908707 0.350877193 0.035539 0.019401 0 0 0 
0.428571429 0.048632454 0.079844327 0.25862069 0.025912 0.015961 0 0 0 
106 
 
 
0.357142857 0.040734359 0.085813717 0.185185185 0.018425 0.01689 0 0 0 
0.267857143 0.030183821 0.102204519 0 0 0.012437 0 0 0 
0.142857143 0.014325978 0.107444835 0 0 0 0 0 0 
0 0 0.125766353 0 0 0 0 0 0 
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Appendix-C: Data for experiments with different diameters of RHVT at 4 bar (D). 
Table C17: Data for Temperature difference with different diameter (D) for RHVT at 4 bars. 
 
Data for 4 bar Dia 19 mm Data for 4 bar Dia 26 mm Data for bar Dia 9 mm 
  ∆T_c ∆T_h   ∆T_c ∆T_h   ∆T_c ∆T_h 
0.99435 -3.3 5 0.994378 -0.3 0.5 0.988127 -0.9 0.1 
0.939075 -3 13 0.947372 -1 0.9 0.946884 -0.2 0.3 
0.895025 -3 27 0.888614 -0.2 2 0.85769 -1 0.5 
0.883522 -6 35.8 0.804478 -2 3.9 0.794602 -1.7 0.3 
0.840464 -6.7 32.4 0.748081 -0.6 3.4 0.733953 -2 0.8 
0.813184 -9.4 32.6 0.702478 -0.9 5.1 0.724092 -1.5 2.1 
0.785904 -11 32.1 0.666827 -1.3 5 0.711536 -1.8 3.6 
0.772263 -11.6 30.2 0.653583 -0.5 7 0.687666 -2.3 3.5 
0.758623 -12.9 26.7 0.63008 -1 4 0.687666 -1 4.9 
0.731343 -15.6 27.1 0.618328 -1.3 3.5 0.634073 -1.9 4.1 
0.704063 -16.7 24.1 0.574239 -1.5 3.5 0.632107 -2.2 3.2 
0.671326 -18 26 0.527945 -3.3 2.2 0.618328 -3.5 3.1 
0.622221 -18.5 24.6 0.512565 -2.4 2.3 0.568314 -6.5 3 
0.594941 -18.1 23.5 0.524316 -4.1 1.9 0.215385 -7.7 3.8 
0.581301 -19.9 24.8 0.489062 -2.5 2.3 0.181818 -6.4 3.1 
0.594941 -19.9 23.9 0.184615 -4.5 2.7 0.149254 -6.5 3 
0.567661 -19.8 24.3 0.138462 -2 4 0.074627 -7 1.5 
0.546175 -19.2 23.2 0 -2.5 2.5 0 -7.5 1.5 
0.548086 -19.1 21.9 0 0 0 0 0 0 
0.54038 -18.6 20.4 0 0 0 0 0 0 
0.536317 -17.8 19.5 0 0 0 0 0 0 
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0.522429 -16.8 18.3 0 0 0 0 0 0 
0.428571 -14.3 16.1 0 0 0 0 0 0 
0.428571 -13.4 16.5 0 0 0 0 0 0 
0.357143 -13.5 15.8 0 0 0 0 0 0 
0.267857 -13.4 16.6 0 0 0 0 0 0 
0.142857 -12 15 0 0 0 0 0 0 
0 -12 15 0 0 0 0 0 0 
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Table C2 8: Data for heating and cooling load with different diametes (D) for RHVT at 4 bars. 
  
Q(C) Dia                  
19 mm 
Q(H) Dia 
19 mm   
Q(C) Dia 
26 mm 
Q(H) Dia 
26 mm   
Q(C) Dia 
9 mm 
Q(H) Dia 
9 mm 
0.99435 -22.1081 2.3564452 0.994378 -2.37532 0.1524525 0.988127 -6.53646 0.1012141 
0.939075 -18.981 5.336308 0.947372 -7.54345 0.377149 0.946884 -1.41512 0.119074 
0.895025 -18.4196 19.44347 0.888614 -1.41512 1.773825 0.85769 -6.51416 0.540421 
0.883522 -35.7164 28.09483 0.804478 -13.4026 6.351925 0.794602 -10.7559 0.490646 
0.840464 -38.6294 35.45905 0.748081 -3.68392 7.029937 0.733953 -11.868 1.720789 
0.813184 -52.4374 41.7788 0.702478 -5.18903 12.45377 0.724092 -8.64838 4.613522 
0.785904 -59.3043 47.14532 0.666827 -7.00869 13.46851 0.711536 -10.0412 8.14161 
0.772263 -61.4536 47.18065 0.653583 -2.60208 19.30841 0.687666 -12.4 8.570455 
0.758623 -67.1336 44.21105 0.63008 -5.01701 11.78195 0.687666 -5.3913 11.99864 
0.731343 -78.2654 49.94497 0.618328 -6.40047 10.63671 0.634073 -9.88789 12.31371 
0.704063 -80.6588 48.92616 0.574239 -6.96409 12.04796 0.632107 -11.2433 9.518132 
0.671326 -82.8953 58.62228 0.527945 -14.0858 8.396434 0.618328 -17.232 9.421085 
0.622221 -78.9661 63.7524 0.512565 -9.79511 8.92677 0.568314 -28.9613 10.15325 
0.594941 -73.8715 65.29955 0.524316 -17.117 7.196502 0.215385 -13.2055 23.7405 
0.581301 -79.3557 71.23244 0.489062 -9.73538 9.357199 0.181818 -9.408 20.5065 
0.594941 -81.2178 66.41103 0.184615 -6.615 17.52975 0.149254 -7.9625 20.9475 
0.567661 -77.1042 72.07009 0.138462 -2.205 27.44 0.074627 -4.2875 11.3925 
0.546175 -78.3609 78.67594 0 0 19.90625 0 0 12.31125 
0.548086 -74.3783 70.31756 0 0 0 0 0 0 
0.54038 -68.9504 64.32101 0 0 0 0 0 0 
0.536317 -64.3192 60.91922 0 0 0 0 0 0 
0.522429 -59.1337 58.8827 0 0 0 0 0 0 
0.428571 -42.042 63.112 0 0 0 0 0 0 
0.428571 -39.396 64.68 0 0 0 0 0 0 
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0.357143 -33.075 69.678 0 0 0 0 0 0 
0.267857 -24.6225 83.3735 0 0 0 0 0 0 
0.142857 -11.76 88.2 0 0 0 0 0 0 
0 0 101.0625 0 0 0 0 0 0 
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Table C3 9: Data for coefficient of performance for heating and cooling with different diameter (D) for RHVT at 4 bars. 
  
   _c 
Dia19mm 
   _h 
Dia19mm   
   _c 
Dia26mm 
   _h 
Dia26mm   
   _c 
Dia 9 mm 
   _h 
Dia 9 mm 
0.99435 0.362145 0.004053 0.994378 0.031551 0.000238 0.988127 0.098577 0.000658 
0.939075 0.310922 0.087412 0.947372 0.095428 0.004771 0.946884 0.021365 0.001798 
0.895025 0.296337 0.312809 0.888614 0.017351 0.021749 0.85769 0.094659 0.007853 
0.883522 0.570183 0.448511 0.804478 0.145862 0.069129 0.794602 0.137156 0.006257 
0.840464 0.603119 0.55362 0.748081 0.039837 0.076021 0.733953 0.144423 0.02094 
0.813184 0.811851 0.646832 0.702478 0.057521 0.138052 0.724092 0.108119 0.057677 
0.785904 0.914341 0.726876 0.666827 0.075101 0.144321 0.711536 0.126011 0.102172 
0.772263 0.90958 0.698324 0.653583 0.028119 0.208657 0.687666 0.149805 0.103541 
0.758623 0.933881 0.61501 0.63008 0.048466 0.113818 0.687666 0.067137 0.149417 
0.731343 1.068646 0.681955 0.618328 0.059143 0.098287 0.634073 0.110003 0.136991 
0.704063 1.069746 0.648889 0.574239 0.064308 0.111253 0.632107 0.125176 0.105969 
0.671326 1.043316 0.737817 0.527945 0.130841 0.077993 0.618328 0.18749 0.102504 
0.622221 0.993863 0.802384 0.512565 0.092112 0.083946 0.568314 0.302481 0.106044 
0.594941 1.012386 0.894911 0.524316 0.15771 0.066306 0.215385 0.13074 0.23504 
0.581301 1.129375 1.013766 0.489062 0.088673 0.085229 0.181818 0.092594 0.201827 
0.594941 1.125572 0.920369 0.184615 0.05907 0.156536 0.149254 0.076957 0.202455 
0.567661 1.05669 0.987699 0.138462 0.019526 0.242991 0.074627 0.040801 0.108413 
0.546175 0.971494 0.9754 0 0 0.173862 0 0 0.117156 
0.548086 0.952435 0.900436 0 0 0 0 0 0 
0.54038 0.93456 0.871813 0 0 0 0 0 0 
0.536317 0.890903 0.843809 0 0 0 0 0 0 
0.522429 0.840714 0.837145 0 0 0 0 0 0 
0.428571 0.584837 0.877937 0 0 0 0 0 0 
0.428571 0.548029 0.89975 0 0 0 0 0 0 
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0.357143 0.448302 0.944422 0 0 0 0 0 0 
0.267857 0.317456 1.074928 0 0 0 0 0 0 
0.142857 0.142206 1.066548 0 0 0 0 0 0 
0 0 1.286343 0 0 0 0 0 0 
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Appendix-D: Data for experiments with different tapering angles (ϴ) for RHVT at 4 bar: 
Table D110: Data for difference temperature with different tapering angles of RHVT at 4 bar (ϴ). 
           Data for 4 bar 0 Degree           Data for 4 bar 12 degree           Data for 4 bar 10 degree            Data for 4 bar 4 degree 
  ∆T_c ∆T_h   ∆T_c ∆T_h   ∆T_c ∆T_h   ∆T_c ∆T_h 
0.99435 -3.3 5 0.989346 -2 1.5 0.993183 -1 3 0.924518 -1.1 5 
0.939075 -3 13 0.913176 -2 3 0.936371 -4 6 0.811986 -6.6 11.6 
0.895025 -3 27 0.886543 -6.5 4.5 0.968847 -6 9.6 0.724689 -7 16.3 
0.883522 -6 35.8 0.82089 -7.9 5.5 0.884794 -8 10.5 0.608535 -9.3 9.9 
0.840464 -6.7 32.4 0.727461 -7 7.3 0.786309 -8.5 9 0.544987 -9.2 7.7 
0.813184 -9.4 32.6 0.705636 -7.3 4.5 0.667331 -9 5.7 0.515544 -9.9 3.9 
0.785904 -11 32.1 0.706676 -7.2 3.8 0.592876 -10.2 1.9 0.44314 -10.1 1.4 
0.772263 -11.6 30.2 0.691748 -6.1 3 0.483425 -11 -0.6 0.424758 -7.9 1.8 
0.758623 -12.9 26.7 0.66649 -6 3.2 0.435838 -8.2 -0.2 0.428388 -8.4 1.7 
0.731343 -15.6 27.1 0.578747 -6.5 3 0.428388 -8.4 -0.3 0.434817 -7.1 2.4 
0.704063 -16.7 24.1 0.538978 -6.1 3 0.434817 -9 0.4 0.420232 -7.6 1.6 
0.671326 -18 26 0.463597 -6.8 2.1 0.420232 -8.6 -0.4 0.406592 -7.1 2 
0.622221 -18.5 24.6 0.461153 -6.5 1.5 0.406592 -7 0 0.375955 -7.6 1 
0.594941 -18.1 23.5 0.427873 -5.5 0 0.375955 -8.1 -1 0.329563 -7.7 1 
0.581301 -19.9 24.8 0.417783 -5.5 0 0.329563 -8.2 -1 0.296353 -7.9 0.3 
0.594941 -19.9 23.9 0.3755 -5.7 0.2 0.296353 -8.6 -1.7 0.278261 -7.6 0.7 
0.567661 -19.8 24.3 0.322633 -4 1.5 0.278261 -7.9 -1.3 0.25 -7.7 -0.2 
0.546175 -19.2 23.2 0.169643 -3.1 1.8 0.25 -7.7 -2.2 0.237288 -6.6 -0.6 
0.548086 -19.1 21.9 0.168182 -4.8 0.1 0.237288 -6.4 -1 0.220339 -7.7 -0.6 
0.54038 -18.6 20.4 0.157407 -4.1 -0.1 0.220339 -6.5 -1.1 0.211864 -8 -0.8 
0.536317 -17.8 19.5 0.156863 -3.5 -0.5 0.211864 -5.7 -2.3 0.2 -8.2 -1 
0.522429 -16.8 18.3 0.148148 -5.2 -2 0.2 -2.7 1.5 0.195833 -9 -2.8 
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0.428571 -14.3 16.1 0.145455 -4 -0.8 0.195833 -3.5 0.8 0.193277 -9.2 -2.5 
0.428571 -13.4 16.5 0.118182 -4 -0.6 0.193277 -2.7 0.8 0.195652 -9.4 -2.5 
0.357143 -13.5 15.8 0.101852 -5 -2 0.195652 -2.8 0.2 0.195652 -9.4 -3.3 
0.267857 -13.4 16.6 0.095238 -4.9 -1.2 0.165217 -2.4 0.9 0.195652 -7.6 -1 
0.142857 -12 15 0.147826 -4.6 -0.7 0.147826 -1.3 2.1 0.1875 -8.7 -1.5 
0 -12 15 0.108333 -4.5 -1 0.108333 -0.9 1.9 0.195652 -8.3 -1.5 
0 0 0 0 -4 -2 0.086957 -1.5 -0.3 0.1875 -8.7 -1.3 
0 0 0 0 0 0 0.066667 -6.05 -1.7 0 -8.6 -1 
0 0 0 0 0 0 0 -5.85 -1.1 0 0 0 
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Table D211: Data for heating and cooling load with different tapering angle (ϴ) for RHVT at 4 bars. 
  
Q(C)     
0Degree 
Q(H)     
0Degree   
Q(C)   
12Degree 
Q(H)  
12Degree   
Q(C)   
10Degree 
Q(H)  
10Degree   
Q(C)     
4Degree 
Q(H)    
4Degree 
0.99435 -22.1081 0.247456 0.989346 -19.204 0.395957 0.993183 -8.75988 0.180369 0.924518 -9.84172 4.602022 
0.939075 -18.981 5.336308 0.913176 -19.0169 1.60965 0.936371 -35.7881 3.647879 0.811986 -68.9315 28.05267 
0.895025 -18.4196 19.44347 0.886543 -60.5885 4.91037 0.968847 -62.665 3.224004 0.724689 -65.2491 57.72145 
0.883522 -35.7164 28.09483 0.82089 -72.1599 10.3996 0.884794 -74.5705 12.74378 0.608535 -79.7264 54.59619 
0.840464 -38.6294 35.45905 0.727461 -60.0091 17.00729 0.786309 -72.8682 20.9679 0.544987 -73.704 51.50296 
0.813184 -52.4374 41.7788 0.705636 -59.8487 12.71949 0.667331 -72.1017 22.76407 0.515544 -71.901 26.6166 
0.785904 -59.3043 47.14532 0.706676 -56.334 17.74919 0.592876 -74.0799 9.475811 0.44314 -65.793 11.46018 
0.772263 -61.4536 47.18065 0.691748 -46.5858 14.57395 0.483425 -71.6557 -4.17651 0.424758 -48.505 14.96723 
0.758623 -67.1336 44.21105 0.66649 -45.8221 19.07354 0.435838 -50.3469 -1.58953 0.428388 -51.5749 13.92747 
0.731343 -78.2654 49.94497 0.578747 -43.5585 22.8936 0.428388 -51.5749 -2.45779 0.434817 -41.6 18.27802 
0.704063 -80.6588 48.92616 0.538978 -37.4532 24.21039 0.434817 -52.7324 3.046337 0.420232 -43.8184 12.72706 
0.671326 -82.8953 58.62228 0.463597 -40.4786 17.08302 0.420232 -49.584 -3.18177 0.406592 -39.6069 16.28312 
0.622221 -78.9661 63.7524 0.461153 -37.4763 13.03412 0.406592 -39.0491 0 0.375955 -39.5516 8.638345 
0.594941 -73.8715 65.29955 0.427873 -30.6814 0 0.375955 -42.1537 -8.63834 0.329563 -35.749 9.444775 
0.581301 -79.3557 71.23244 0.417783 -27.5936 0 0.329563 -38.0703 -9.44477 0.296353 -32.9815 2.97379 
0.594941 -81.2178 66.41103 0.3755 -28.597 1.961098 0.296353 -35.9039 -16.8515 0.278261 -29.792 7.11725 
0.567661 -77.1042 72.07009 0.322633 -16.3252 15.56056 0.278261 -30.968 -13.2178 0.25 -28.2975 -2.205 
0.546175 -78.3609 78.67594 0.169643 -11.3925 19.1835 0.25 -28.2975 -24.255 0.237288 -22.638 -6.615 
0.548086 -74.3783 70.31756 0.168182 -16.464 1.11475 0.237288 -21.952 -11.025 0.220339 -24.5245 -6.762 
0.54038 -68.9504 64.32101 0.157407 -12.5563 -1.13925 0.220339 -20.7025 -12.397 0.211864 -24.5 -9.114 
0.536317 -64.3192 60.91922 0.156863 -9.4325 -5.88 0.211864 -17.4563 -26.2028 0.2 -24.108 -11.76 
0.522429 -59.1337 58.8827 0.148148 -12.103 -24.745 0.2 -7.938 17.64 0.195833 -25.9088 -33.0995 
0.428571 -42.042 63.112 0.145455 -7.84 -10.29 0.195833 -10.0756 9.457 0.193277 -25.921 -29.4 
0.428571 -39.396 64.68 0.118182 -5.39 -8.1585 0.193277 -7.60725 9.408 0.195652 -25.9088 -28.3281 
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0.357143 -33.075 69.678 0.101852 -6.125 -27.685 0.195652 -7.7175 2.26625 0.195652 -25.9088 -37.3931 
0.267857 -24.6225 83.3735 0.095238 -6.0025 -15.876 0.165217 -5.586 10.584 0.195652 -20.9475 -11.3313 
0.142857 -11.76 88.2 0.147826 -4.508 -9.17525 0.147826 -2.70725 25.2105 0.1875 -23.9794 -17.9156 
0 0 101.0625 0.108333 -4.41 -12.495 0.108333 -1.43325 24.90425 0.195652 -22.8769 -16.9969 
0 0 0 0 0 -27.44 0.086957 -1.8375 -3.85875 0.1875 -23.9794 -15.5269 
0 0 0 0 0 0 0.066667 -5.929 -23.324 0 0 -11.9438 
0 0 0 0 0 0 0 0 -16.17 0 0 0 
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Table D312: Data for coefficient of performance for heating and cooling with different tapering angle (ϴ) for RHVT at 4 bars. 
  
   _c     
0 Degree 
   _h     
0 Degree   
   _c   
12Degree 
   _h     
12Degree   
   _h   
10Degree 
   _h   
10Degree   
   _h    
4 Degree 
   _h    
4 Degree 
0.99435 0.028125 0.000315 0.989346 0.017026 0.000351 0.993183 0.008696 0.000179 0.924518 0.008959 0.004076 
0.939075 0.024147 0.006789 0.913176 0.016393 0.001388 0.936371 0.032683 0.003331 0.811986 0.047046 0.018631 
0.895025 0.023015 0.024294 0.886543 0.049917 0.004045 0.968847 0.050508 0.002599 0.724689 0.04438 0.038206 
0.883522 0.045346 0.035669 0.82089 0.055343 0.007976 0.884794 0.056678 0.009686 0.608535 0.059208 0.040545 
0.840464 0.048152 0.0442 0.727461 0.046979 0.013315 0.786309 0.057775 0.016625 0.544987 0.047362 0.033096 
0.813184 0.06532 0.052043 0.705636 0.045947 0.009765 0.667331 0.051479 0.016253 0.515544 0.043895 0.01582 
0.785904 0.073849 0.058708 0.706676 0.037908 0.011944 0.592876 0.051486 0.006586 0.44314 0.038233 0.006485 
0.772263 0.076269 0.058555 0.691748 0.031142 0.009742 0.483425 0.044972 0.002621 0.424758 0.028694 0.008622 
0.758623 0.082873 0.054576 0.66649 0.028175 0.011728 0.435838 0.030255 0.000955 0.428388 0.03075 0.008086 
0.731343 0.096454 0.061552 0.578747 0.025393 0.013346 0.428388 0.030443 0.001451 0.434817 0.026461 0.011321 
0.704063 0.099139 0.060136 0.538978 0.022088 0.014278 0.434817 0.033206 0.001918 0.420232 0.027319 0.007727 
0.671326 0.101383 0.071697 0.463597 0.024032 0.010142 0.420232 0.030605 0.001964 0.406592 0.024735 0.009902 
0.622221 0.096578 0.077971 0.461153 0.02172 0.007554 0.406592 0.024142 0 0.375955 0.024408 0.005191 
0.594941 0.091069 0.080502 0.427873 0.017434 0 0.375955 0.025754 0.005278 0.329563 0.021663 0.005573 
0.581301 0.098157 0.088109 0.417783 0.015669 0 0.329563 0.022839 0.005666 0.296353 0.019959 0.001753 
0.594941 0.100226 0.081954 0.3755 0.016083 0.001103 0.296353 0.021511 0.010096 0.278261 0.018065 0.004203 
0.567661 0.095055 0.088848 0.322633 0.009433 0.008992 0.278261 0.018591 0.007935 0.25 0.016433 0.001247 
0.546175 0.088567 0.088924 0.169643 0.006635 0.011172 0.25 0.016269 0.013945 0.237288 0.013423 0.003819 
0.548086 0.088268 0.083448 0.168182 0.009465 0.000641 0.237288 0.012886 0.006472 0.220339 0.014518 0.003898 
0.54038 0.084918 0.079216 0.157407 0.007267 0.000659 0.220339 0.012132 0.007265 0.211864 0.014488 0.005248 
0.536317 0.080681 0.076416 0.156863 0.005454 0.0034 0.211864 0.01022 0.01534 0.2 0.01401 0.006655 
0.522429 0.07435 0.074034 0.148148 0.006877 0.01406 0.2 0.004567 0.010148 0.195833 0.015006 0.018669 
0.428571 0.051899 0.077909 0.145455 0.004403 0.00578 0.195833 0.005777 0.005423 0.193277 0.015103 0.016684 
0.428571 0.048632 0.079844 0.118182 0.002996 0.004534 0.193277 0.004388 0.005427 0.195652 0.015606 0.016618 
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0.357143 0.040734 0.085814 0.101852 0.003376 0.015259 0.195652 0.004606 0.001353 0.195652 0.015554 0.021865 
0.267857 0.030184 0.102205 0.095238 0.003443 0.009106 0.165217 0.003328 0.006307 0.195652 0.012643 0.00666 
0.142857 0.014326 0.107445 0.147826 0.002661 0.005415 0.147826 0.001618 0.015064 0.1875 0.013842 0.010072 
0 0 0.125766 0.108333 0.002716 0.007695 0.108333 0.000819 0.014233 0.195652 0.013784 0.009974 
0 0 0 0 0 0.016602 0.086957 0.001096 0.002302 0.1875 0.013832 0.008724 
0 0 0 0 0 0 0.066667 0.003386 0.013321 0 0 0.006713 
0 0 0 0 0 0 0 0 0.009238 0 0 0 
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Appendix-E: Data for experiments with different working fluids in RHVT at 2 bars. 
Table E1 13: Data for temperature difference with different working fluids in RHVT at 2 bars. 
     Data for 2 bar Air 
 
      Data for 2 bar O2 
 
      Data for 2 bar H2 
 
  ∆T_c ∆T_h   ∆T_c ∆T_h   ∆T_c ∆T_h 
0.999055 -1.5 2 0.999598 -1.6 4 0.999926 -0.3 5 
0.966591 -1.5 4 0.998907 -3.3 8 0.998383 -0.5 10 
0.947495 -2.1 8.9 0.910116 -6.4 16 0.961039 -1.8 19.3 
0.947495 -3.6 13.1 0.85712 -8.2 14.6 0.930485 -2.4 18.3 
0.928399 -4.9 20.1 0.806379 -10.9 11.4 0.876167 -3 15.3 
0.909303 -5.7 19.6 0.757996 -14 6.6 0.533333 -4.9 7.1 
0.890206 -7.8 20.6 0.689087 -15.9 6.2 0.51087 -5.8 6.1 
0.87111 -9.2 19.1 0.627105 -16.9 6.1 0.468085 -5.3 6.1 
0.863472 -10.1 17.5 0.555278 -17.4 5.8 0.4375 -6.4 5 
0.832918 -11.5 15.8 0.366667 -17.5 5 0.36 -6.1 3.8 
0.794725 -11.4 13 0.283333 -10.4 5 0.307692 -5 2.1 
0.7 -12 9 0.269231 -8 5 0.245283 -4.2 1.5 
0.6875 -13.2 7.7 0.25625 -2.9 4.2 0.226415 -3.3 2.2 
0.575 -14.2 5.3 0.25 -1.7 5 0.198113 -2.6 0.3 
0.575 -14.6 4.8 0.228916 -1.2 4.4 0.169811 -1.7 1 
0.475 -15 3.1 0.228916 -0.5 4.3 0.169811 -1 1.1 
0.447059 -13.2 1.7 0.216867 0 4.1 0.150943 -0.4 0.9 
0.435294 -12.4 0.3 0.215663 0 3.2 0.113208 -0.3 0.8 
0.361446 -9.6 1.3 0.204819 0.1 4.2 0 -0.1 0.5 
0.341463 -8.8 0.8 0.192771 0.3 3.8 0 0 0 
0.341463 -7.6 1.9 0.120482 0.5 2.5 0 0 0 
0.317073 -7.8 1.2 0 0.3 2 0 0 0 
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0.317073 -7.9 1.7 0 0 0 0 0 0 
0.317073 -5.5 3.8 0 0 0 0 0 0 
0.317073 -7.2 2.3 0 0 0 0 0 0 
0.304878 -6.5 2.6 0 0 0 0 0 0 
0.292683 -6.3 2.3 0 0 0 0 0 0 
0.292683 -6.3 2.1 0 0 0 0 0 0 
0.243902 -6.3 2.1 0 0 0 0 0 0 
0.146341 -6 2.8 0 0 0 0 0 0 
0 -6 2.8 0 0 0 0 0 0 
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Table E214: Data for heating and cooling load with different working fluids in RHVT at 2 bars. 
  
Q(C)       
2 bar Air 
Q (H)      
2 bar Air   
Q(C)       
2 bar O2 
Q (H)       
2 bar O2   
Q(C)       
2 bar H2 
Q (H)      
2 bar H2 
0.999055 -7.34305 0.009262 0.999598 -8.31434 0.006484 0.999926 -1.77644 0.002182 
0.966591 -7.10445 0.654812 0.998907 -16.5317 0.043839 0.998383 -2.89189 0.093695 
0.947495 -9.74972 2.289743 0.910116 -32.0614 7.916088 0.961039 -10.0214 4.35616 
0.947495 -16.7138 3.370296 0.85712 -39.5464 11.73754 0.930485 -12.9371 7.369627 
0.928399 -22.2909 7.052007 0.806379 -50.5309 12.68964 0.876167  -12.4304 10.976 
0.909303 -25.3968 8.710588 0.757996 -64.9021 9.768549 0.533333 -15.1394 19.19466 
0.890206 -34.0237 11.08258 0.689087 -73.7102 12.9684 0.51087 -17.5468 17.66913 
0.87111 -39.2696 12.06282 0.627105 -75.188 16.13756 0.468085 -15.0107 19.63236 
0.863472 -42.7332 11.70732 0.555278 -70.9096 18.93046 0.4375 -17.3022 17.37947 
0.832918 -46.9349 12.93553 0.366667 -47.0928 23.24059 0.36 -14.1353 15.65439 
0.794725 -44.3933 13.07602 0.283333 -21.626 26.29856 0.307692 -10.2989 9.732502 
0.7 -41.16 13.23 0.269231 -20.5496 34.86089 0.245283 -7.02903 7.724208 
0.6875 -44.4675 11.79063 0.25625 -7.27186 30.56749 0.226415 -5.09798 11.61206 
0.575 -40.0085 11.03725 0.25 -4.15884 36.69567 0.198113 -3.51451 1.641394 
0.575 -41.1355 9.996 0.228916 -2.78887 34.445 0.169811 -1.96967 5.664419 
0.475 -34.9125 7.97475 0.228916 -1.16203 33.66216 0.169811 -1.15863 6.230861 
0.447059 -30.723 4.893875 0.216867 0 32.59799 0.150943 -0.41196 5.21384 
0.435294 -28.1015 0.882 0.215663 0 25.48147 0.113208 -0.23173 4.840504 
0.361446 -17.64 4.220125 0.204819 0.207942 33.9068 0 0 3.411525 
0.341463 -15.092 2.646 0.192771 0.587131 31.14239 0 0 0 
0.341463 -13.034 6.28425 0.120482 0.611595 22.3232 0 0 0 
0.317073 -12.4215 4.116 0 0 20.30494 0 0 0 
0.317073 -12.5808 5.831 0 0 0 0 0 0 
0.317073 -8.75875 13.034 0 0 0 0 0 0 
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0.317073 -11.466 7.889 0 0 0 0 0 0 
0.304878 -9.95313 9.07725 0 0 0 0 0 0 
0.292683 -9.261 8.17075 0 0 0 0 0 0 
0.292683 -9.261 7.46025 0 0 0 0 0 0 
0.243902 -7.7175 7.97475 0 0 0 0 0 0 
0.146341 -4.41 12.005 0 0 0 0 0 0 
0 0 14.063 0 0 0 0 0 0 
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Table E315: Data for coefficient of performance for heating and cooling with different working fluids in RHVT at 2 bars. 
     _c    _h      _c    _h      _c    _h 
0.999055 0.026018 3.28E-05 0.999598 0.025735 2.01E-05 0.999926 0.070198 8.62E-05 
0.966591 0.025173 0.00232 0.998907 0.053095 0.000141 0.998383 0.116816 0.003785 
0.947495 0.034487 0.008099 0.910116 0.093882 0.02318 0.961039 0.406584 0.176736 
0.947495 0.059061 0.011909 0.85712 0.113703 0.033748 0.930485 0.528447 0.301031 
0.928399 0.078583 0.024861 0.806379 0.142243 0.035721 0.876167 0.626257 0.451413 
0.909303 0.089322 0.030635 0.757996 0.171851 0.025866 0.533333 0.613816 0.778231 
0.890206 0.119382 0.038886 0.689087 0.177792 0.03128 0.51087 0.695956 0.700806 
0.87111 0.137466 0.042227 0.627105 0.172209 0.036961 0.468085 0.582699 0.762106 
0.863472 0.149292 0.0409 0.555278 0.157263 0.041984 0.4375 0.657438 0.660373 
0.832918 0.163534 0.045071 0.366667 0.104478 0.05156 0.36 0.51562 0.571032 
0.794725 0.154319 0.045455 0.283333 0.04806 0.058444 0.307692 0.361596 0.341708 
0.7 0.142559 0.045823 0.269231 0.035177 0.059675 0.245283 0.242296 0.26626 
0.6875 0.153709 0.040756 0.25625 0.012187 0.051228 0.226415 0.176148 0.401227 
0.575 0.138068 0.038089 0.25 0.007018 0.061922 0.198113 0.121436 0.056714 
0.575 0.141724 0.034439 0.228916 0.004547 0.056159 0.169811 0.068173 0.196052 
0.475 0.120086 0.02743 0.228916 0.0019 0.055054 0.169811 0.04017 0.216024 
0.447059 0.099395 0.015833 0.216867 0 0.05348 0.150943 0.014322 0.181257 
0.435294 0.090765 0.002849 0.215663 0 0.041805 0.113208 0.008061 0.168393 
0.361446 0.05854 0.014005 0.204819 0.000342 0.055724 0 0 0.118681 
0.341463 0.050479 0.00885 0.192771 0.000967 0.05127 0 0 0 
0.341463 0.043596 0.021019 0.120482 0.001006 0.036726 0 0 0 
0.317073 0.041398 0.013718 0 0 0.033405 0 0 0 
0.317073 0.041888 0.019414 0 0 0 0 0 0 
0.317073 0.029315 0.043624 0 0 0 0 0 0 
0.317073 0.038151 0.026249 0 0 0 0 0 0 
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0.304878 0.033117 0.030203 0 0 0 0 0 0 
0.292683 0.030784 0.02716 0 0 0 0 0 0 
0.292683 0.030764 0.024782 0 0 0 0 0 0 
0.243902 0.025637 0.026491 0 0 0 0 0 0 
0.146341 0.01464 0.039854 0 0 0 0 0 0 
0 0 0.046686 0 0 0 0 0 0 
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Appendix-F: Code of Engineering Equations Solver (EES) Used 
function ifblock(y)  
  if (y<343) then  
  a:=y 
else  
  a:=343 
  endif 
ifblock:=a 
end 
r_i= 0.01                                                                 "Raduis where compressed air enter in mm" 
r_h=0.009                                                               "Raduis where hot air leave in mm" 
r_c= 0.0025                                                             "Raduis where cold air leave in mm" 
r_j= 0.0005                                                               " Jet Raduis in mm" 
p_i=500                                                                    "inlet pressure after the jet in kpa" 
T_i=500                                                               "Tempreture after the jet in kelvin" 
rho_i=Density(Air,T=T_i,p=p_i) 
h_i=Enthalpy(Air,T=T_i) 
p_0=100 
p_max=p_i 
p_min=p_i-rho_i*v_i^2/2000 
p_cr=p_i-rho_i*( v_i^2/2000-v_cr^2/2000) 
k_h=100 
p_cr-p_0=rho_i*k_h*y2^2/2000 
v_h_z= ifblock(y2) 
rho_h=Density(Air,h=h_h,p=p_0) 
m_h=rho_h*(pi*(r_i^2-r_h^2))*v_h_z 
k_c=10 
p_cr-p_0=rho_i*k_c*y3^2/2000 
v_c_z=ifblock(y3) 
rho_c= Density(Air,h=h_c,p=p_0) 
m_c=rho_c*(pi*(r_c^2))*v_c_z 
m_i=m_c+m_h                                                                                        "Mass flowrate of air in 
kg/s" 
n_j=6                                                                                                                            " number of 
jets" 
A_j=pi*r_j^2 
y1=m_i/(n_j*A_j*rho_i) 
v_i= ifblock (y1) 
x=m_c/m_i 
"New and need approve " 
m_i=0.5*rho_i*v_i*r_i*t 
m_c=0.5*rho_i*v_cr*r_cr*t 
v_cr=r_cr*v_i/r_i 
v_h_t=r_h*v_i/r_i 
v_c_t=r_c*v_i/r_i 
"For Cold Stream" 
h_c=h_i/x-(1-x)/x*h_h 
" For Hot Stream" 
h_i+v_i^2/2000=h_h+v_h_z^2/2000 
 
